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Abstract 

Breast cancer remains one of the leading causes of cancer-related mortality worldwide, largely due 

to metastatic progression and therapy resistance. Tumor cells adapt to hostile conditions through 

several mechanisms, including the maintenance of redox homeostasis. The cystine/glutamate 

antiporter xCT, a key regulator of intracellular glutathione synthesis, is frequently upregulated in 

breast cancer and associated with tumor aggressiveness, metastatic dissemination, and therapy 

resistance. However, its precise role in metastasis, metabolic adaptation, and tumorïhost interactions 

remains incompletely defined. 

The first part of this thesis examines the role of xCT in tumor development and immune competence. 

Using xCT-null mice and mammary cancerïprone BALB-neuT models, xCT is shown to be 

dispensable for immune system development, effective immune responses, and primary tumor 

initiation. In contrast, tumor cellïspecific xCT depletion significantly reduces migratory capacity in 

vitro and lung metastatic dissemination in vivo, without affecting primary tumor growth. This effect 

is associated with altered immune cell recruitment in pre-metastatic and metastatic niches, indicating 

a specific role for xCT in metastatic seeding rather than tumor initiation. The second part focuses on 

the mechanisms underlying the reduced metastatic potential of xCT-deficient cells. In murine and 

human triple-negative breast cancer models, xCT regulates metastasis through both cell-autonomous 

and nonïcell-autonomous mechanisms. xCT deficiency induces redox imbalance, oxidative stress, 

and metabolic reprogramming, ultimately impairing invasive behavior. These findings are supported 

by a human organ-on-a-chip platform that recapitulates key steps of the metastatic cascade, where 

xCT downregulation markedly limits metastatic dissemination. In parallel, tumor-derived 

extracellular vesicles mediate xCT-dependent nonïcell-autonomous effects, as vesicles from xCT-

expressing cells promote invasion, lung colonization, and immune cell recruitment, whereas those 

from xCT-deficient cells do not. The final part addresses the role of xCT in resistance to doxorubicin. 

While xCT inhibition alone does not increase chemotherapy-induced cytotoxicity, combined 

targeting of xCT and the immune signaling receptor TLR2 synergizes with doxorubicin, reducing 

cancer stem cell viability and restoring apoptotic responses. In vivo, xCT-targeted therapeutic 

vaccination enhances chemotherapy efficacy and anti-tumor immune responses. 

Overall, this thesis identifies xCT as a central regulator of metastatic progression, metabolic 

adaptation, extracellular communication, and therapy resistance in breast cancer, supporting its 

potential as a safe and promising therapeutic target and highlighting the value of combinatorial 

strategies integrating metabolic targeting, immunotherapy, and chemotherapy.
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Introduction  

1. Breast cancer and the emerging role of Omics in tumor antigen discovery 

Breast cancer represents the most frequently diagnosed malignancy and one of the leading causes of 

cancer-related mortality among women worldwide, accounting for approximately 12% of all cancers 

and nearly 23% of those affecting women [1]. Despite the decline in mortality rates in high-income 

countries, attributed to early detection programs and therapeutic advances, breast cancer remains a 

major public health concern, particularly in low- and middle-income regions. The disease arises from 

a multifactorial interplay of genetic, hormonal, environmental, and lifestyle factors. While only 5ï

10% of cases are attributable to germline mutations in high-penetrance genes such as BRCA1, BRCA2, 

PALB2, TP53, and PTEN, the majority depend on non-genetic influences, including prolonged 

estrogen exposure, age, reproductive history, obesity, physical inactivity, alcohol consumption, and 

environmental pollutants. In addition to these inherited and environmental factors, breast cancer 

development is also driven by somatic genetic alterations, including mutations in genes such as 

PIK3CA and TP53, as well as gene amplifications like those of ERBB2 (coding for the human 

epidermal growth factor receptor, HER2), MYC and CCND1, which contribute to tumor progression 

and therapeutic response [2]. From a biological standpoint, breast cancer is an extremely 

heterogeneous disease encompassing multiple subtypes that differ in prognosis and therapeutic 

response. These subtypes are commonly grouped into four categories according to the 

immunohistochemical (IHC) expression of hormone receptors and HER2: estrogen receptorïpositive 

(ER ), progesterone receptorïpositive (PR ), HER2-positive (HER2 ), and triple-negative breast 

cancer (TNBC), which is characterized by the lack of expression of all three receptors. Additionally, 

molecular profiling (originally based on gene expression microarrays but now approximated using 

IHC surrogates) defines the so-called ñintrinsicò breast cancer subtypes: Luminal A, Luminal B, 

HER2-enriched, and Basal-like. These molecular subtypes reflect distinct biological entities that 

differ in their expression of ER, PR, and HER2, as well as in their proliferation rates, gene expression 

signatures, and clinical behavior. 

ER is an important diagnostic determinant, as approximately 70ï75% of invasive breast carcinomas 

exhibit significantly high ER expression. PR is expressed in more than 50% of ER+ tumors, and only 

rarely in ER-negative breast cancers. Higher PR expression is positively associated with overall 

survival, time to recurrence, and time to treatment failure or progression, whereas lower PR levels 

are generally linked to a more aggressive disease course.  

Luminal A tumors are characterized by the presence of ER and/or PR, the absence of HER2 

expression, and a low proliferative index (low Ki-67). Clinically, they are low grade, slow growing, 
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and have the best prognosis, with lower rates of relapse and higher overall survival. These carcinomas 

show a high response rate to hormone therapy (such as tamoxifen or aromatase inhibitors) and derive 

only limited benefit from chemotherapy. Luminal B tumors are of higher grade and have worse 

prognosis compared to Luminal A. They are ER, may be PR-negative, and can be either HER2-

negative or HER2. Luminal B, HER2-negative tumors typically show higher Ki-67 expression, 

whereas Luminal B, HER2 tumors combine hormone receptor expression with HER2 amplification. 

Both forms usually exhibit higher proliferative activity and may benefit from combined hormonal 

and chemotherapeutic approaches, with HER2-targeted therapy added when applicable. The HER2-

enriched subtype constitutes approximately 10ï15% of breast cancer cases and is characterized by 

high HER2 expression and absence of ER and PR. These tumors grow more rapidly than the luminal 

subtypes, but their prognosis has markedly improved following the introduction of HER2-targeted 

therapies such as trastuzumab, trastuzumab-emtasine (T-DM1), pertuzumab, and tyrosine kinase 

inhibitors (lapatinib and neratinib), used in combination with chemotherapy and surgery. TNBC 

account for about 15-20% of all breast cancer cases and are associated with poor prognosis due to the 

lack of targeted therapeutic options. TNBC is characterized by its aggressiveness, early relapse, and 

greater tendency to present at advanced stages. Histologically, it represents a poorly differentiated, 

highly proliferative, and heterogeneous group of neoplasm that includes subsets with variable 

prognoses [3].  

The marked biological diversity among these subtypes underscores the limitations of conventional 

biomarkers and therapeutic targets, emphasizing the need for integrative omics-based approaches to 

identify novel molecular determinants of tumor behaviour [4]. Such approaches aim to uncover 

molecular features that distinguish malignant from normal tissues and provide new opportunities for 

diagnostic and therapeutic innovation. In this context, advances in omics technologies, including 

genomics, transcriptomics, and proteomics, have revolutionized the discovery of tumor-associated 

antigens (TAAs) that may represent promising targets for immunotherapy. Notably, among the 

molecules identified through omics profiling, several members of the solute carrier (SLC) family of 

membrane transporters have emerged as potential TAAs due to their consistent overexpression in 

cancer and their ability to modulate cellular metabolism and immune interactions [5].  

2. The Solute Carrier Transporter Family in cancer biology 

SLC transporters represent the largest family of membrane transport proteins in humans, comprising 

over 400 members classified into more than 65 families. These transporters mediate the bidirectional 

movement of a vast range of substrates across biological membranes, including amino acids, sugars, 

ions, nucleotides, and metabolites, thereby maintaining cellular homeostasis and enabling metabolic 
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flexibility. SLCs are ubiquitously expressed in mammalian tissues, where they regulate essential 

physiological processes such as nutrient uptake, ion balance, neurotransmitter recycling, and drug 

transport. Functionally, they differ from ATP-binding cassette (ABC) transporters in that SLCs 

typically operate through facilitated diffusion or secondary active transport, relying on 

electrochemical gradients rather than direct ATP hydrolysis. This functional diversity allows them to 

adapt to various metabolic demands and to coordinate complex biochemical networks fundamental 

to cell survival and growth [6].  

In cancer, the expression and activity of numerous SLC transporters are markedly altered, reflecting 

the metabolic reprogramming that accompanies malignant transformation. Rapidly proliferating 

tumor cells exhibit an increased demand for nutrients such as glucose, glutamine, and cystine, which 

are critical for sustaining anabolic growth, maintaining redox balance, and generating biosynthetic 

precursors. Several SLCs, including SLC1A5 (ASCT2), SLC3A2, SLC7A5 (LAT1), SLC7A8 (LAT2), 

SLC6A14, SLC38A1, and SLC38A2, are consistently overexpressed in various malignancies and 

contribute to tumor growth, metastasis, and therapy resistance. Their upregulation activates multiple 

oncogenic pathways, including MYCïmTOR, PI3KïAKTïmTOR, and HIF-1ŬïmTOR signaling 

cascades, which collectively promote cell proliferation, inhibit apoptosis, and sustain energy 

metabolism. Moreover, SLCs are increasingly recognized as mediators of tumorïimmune 

interactions, influencing amino acid availability within the tumor microenvironment (TME) and 

modulating immune cell function. This dual role, metabolic and immunological, positions SLC 

transporters as key molecular interfaces between cancer cell metabolism and immune regulation [6]. 

Among the SLC family members, SLC7A11 (commonly known as xCT) has emerged as a particularly 

intriguing player at the crossroads of redox control, metabolism, and immunity. As the light chain 

subunit of the cystine/glutamate antiporter system xc, xCT mediates the exchange of extracellular 

cystine for intracellular glutamate, a process essential for glutathione (GSH) biosynthesis and 

oxidative stress resistance. Its dysregulation in cancer not only supports tumor cell survival under 

hostile conditions but also shapes the immune landscape by modulating extracellular glutamate and 

cystine/cysteine levels and influencing immune cell function. The following section will focus on the 

molecular features, regulation, and multifaceted roles of xCT in TNBC and HER2  subtypes. Both 

TNBC and HER2  tumors exhibit elevated basal oxidative stress and enhanced glutaminolytic 

activity, conditions that increase their dependence on cystine import and GSH metabolism. Notably, 

xCT is highly expressed in TNBC, where its upregulation correlates with poor patient survival, 

underscoring its potential as a key determinant of tumor aggressiveness and a promising therapeutic 

target [7]. 
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3. Structure, functions, and regulation of xCT 

The system xc is a sodium-independent antiporter responsible for importing extracellular cystine and 

exporting intracellular glutamate at a 1:1 ratio. This transport mechanism is crucial for maintaining 

intracellular redox balance and cancer cell survival, particularly under oxidative stress. Structurally, 

system xc is composed of two subunits joined by a disulfide bond: the light chain subunit xCT and 

the heavy chain subunit SLC3A2 (also called CD98 or 4F2hc). xCT, a ~500 amino acid multi-pass 

transmembrane protein encoded by the SLC7A11 gene, is responsible for xc substrate specificity and 

transport activity, while CD98 facilitates the proper localization and stability of xCT on the plasma 

membrane. CD98 also serves as a chaperone for other amino acid transporters, extending its function 

role beyond cystine exchange alone [8].  

Once transported into the cell, cystine is rapidly reduced to cysteine, the rate-limiting precursor for 

the synthesis of GSH, a critical antioxidant. GSH is a tripeptide composed of glutamate, cysteine, and 

glycine, and serves as a key cellular defense mechanism against reactive oxygen species (ROS). By 

neutralizing ROS, GSH protects DNA, proteins, and lipids from oxidative damage, thereby 

preserving cellular integrity and function. Upon oxidation, GSH forms glutathione disulfide (GSSG), 

which can be either reduced back to GSH by glutathione reductase or exported from the cell. This 

continuous GSH/GSSG cycling helps maintain cellular redox homeostasis, a critical determinant of 

whether cells favor proliferation or differentiation. Importantly, depletion of cystine or inhibition of 

system xc can lead to reduced GSH levels and trigger ferroptosis, an iron-dependent form of 

regulated cell death characterized by lethal lipid peroxidation (Fig. 1). This mechanism is distinct 

from apoptosis and necroptosis and can be reversed by antioxidants like vitamin E [9, 10]. 

Pharmacological inhibitors such as Erastin and sulfasalazine (SAS) have been shown to suppress xCT 

activity and induce ferroptosis in cancer cells, although none of these inhibitors is fully specific for 

xCT and often exhibit off-target effects [11-14]. For instance, Erastin also interferes with other GSH-

related enzymes, enhancing oxidative stress and cytotoxicity [15].  

Beyond its role in redox homeostasis, xCT exerts a broader influence on cellular metabolism. By 

exporting glutamate in exchange for cystine, xCT alters intracellular amino acid pools and creates a 

dependence on glutamine to replenish glutamate [16]. The reduction of imported cystine to cysteine 

consumes NADPH, linking xCT activity to glucose metabolism through NADPH-generating 

pathways such as the pentose phosphate pathway and malic enzyme reactions [17,18]. Consequently, 

cells with high xCT activity coordinate amino acid and carbohydrate metabolism to maintain both 

antioxidant capacity and biosynthetic fluxes, including TCA cycle intermediates, nucleotides, and 
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lipids. This metabolic coupling highlights how xCT integrates redox balance with broader nutrient 

utilization, allowing cells to respond dynamically to oxidative and nutrient stress [19]. 

 

Figure 1. Schematic depiction of xCT (purple), its chaperone 4F2hc (yellow), and the associated signaling pathway. 

Created in https://BioRender.com. Modified from TaroneÀ, IacovielloÀ et al, Cancers 2025 [20]. 

 

xCT expression is relatively restricted under physiological conditions and is mainly found in the brain 

and eye, where it contributes to antioxidant defence and cellular homeostasis [21, 22]. However, its 

expression becomes significantly elevated in pathological contexts, particularly within the immune 

system and the TME. Activated neutrophils and macrophages upregulate xCT to cope with increased 

ROS production. Antigen-presenting cells (APCs) use xCT to import cystine and convert it to 

cysteine, which is then secreted to support naïve T cells that lack cystine transporters [23]. 

Interestingly, myeloid-derived suppressor cells (MDSCs), which are often enriched in cancer, also 

express high levels of xCT. Unlike APCs, however, MDSCs consume extracellular cystine without 

releasing cysteine, impairing T cell activation and contributing to immune evasion [24]. xCT 

overexpression is also a hallmark of many cancers, where it supports tumor growth, metastasis, drug 

resistance, and immune suppression [25]. In addition, in cancer patients, the expression of xCT in the  

central nervous system (CNS) leads to neuroinflammation and comorbidities and is associated with 

mood disturbance in preclinical models [26]. Beyond cancer, dysregulated xCT activity is implicated 

in several CNS disorders, including Alzheimerôs disease, Parkinsonôs disease, and multiple sclerosis, 

largely due to excitotoxic effects from excessive glutamate release [27]. 

xCT expression is dynamically regulated by a variety of stimuli. Oxidative stress and inflammatory 

https://biorender.com/
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signals such as TNF-Ŭ or bacterial lipopolysaccharides (LPS) can induce xCT transcription through 

pathways involving the transcription factors Nrf2 and ATF4. Nrf2 responds to oxidative or 

endoplasmic reticulum stress by translocating to the nucleus and promoting transcription of 

antioxidant response genes, including SLC7A11. Similarly, amino acid starvation activates ATF4, 

which binds to the AARE elements in the xCT promoter, stimulating its expression. Inflammatory 

responses may also involve NF-əB-mediated regulation, though this is less well characterized.  

Beyond transcriptional control, xCT expression is also regulated post-transcriptionally by non-coding 

RNAs. Several microRNAs (miRNAs) directly target SLC7A11 mRNA to modulate its stability and 

translation, while long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) can act as 

competing endogenous RNAs (ceRNAs) to sequester these miRNAs and enhance xCT expression. 

These RNA-mediated mechanisms provide a fine-tuned layer of regulation that integrates redox 

signaling, metabolic status, and stress responses, ensuring appropriate xCT expression under 

physiological and pathological conditions. For example, miR-26b and miR-27a, normally suppressive 

regulators of SLC7A11, are downregulated in breast and bladder cancers, respectively, resulting in 

enhanced xCT activity, decreased apoptosis, and increased drug resistance. Additionally, lncRNAs 

and circRNAs act as ceRNAs to sequester these miRNAs and further upregulate xCT in breast and 

lung cancer. This multilayered deregulation emphasizes how tumors reinforce antioxidant capacity 

and ferroptosis resistance through epigenetic mechanisms [28]. 

Altogether, xCT emerges as a pivotal factor in both health and disease. While it supports antioxidant 

defense, metabolic homeostasis, and immune regulation under normal conditions, its overexpression 

is associated with cancer progression, neurodegeneration, and other pathologies. These observations 

highlight xCT as a potential therapeutic target, although the development of selective and safe 

inhibitors remains a significant challenge for future research. 

4. Role of xCT in tumor growth, progression, and metastasis 

Upregulation of xCT has been reported in a wide range of malignancies, including lymphomas, 

gliomas, and carcinomas of the breast, stomach, colon, liver, kidney, pancreas, and esophagus. High 

xCT expression consistently correlates with poor prognosis and adverse clinical outcomes. This 

clinical relevance has prompted the development of imaging strategies to monitor xCT activity, 

including positron emission tomography (PET) tracers such as (4S)-4-(3-[ĭ F]fluoropropyl)-L-

glutamate, which have demonstrated utility in both preclinical and clinical studies [29].  

Functionally, xCT is closely linked to cancer stem cell (CSC) biology, largely through its interaction 

with CD44 variant isoforms (CD44v). Unlike the standard isoform (CD44s), CD44v forms a 

stabilizing complex with xCT at the plasma membrane, sustaining cystine uptake and GSH synthesis. 
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This enhanced antioxidant capacity supports CSC-driven tumor initiation, therapy resistance, and 

metastasis. Importantly, CD44v expression has also been detected in pre-neoplastic gastric lesions 

such as spasmolytic polypeptide-expressing metaplasia (SPEM), where it co-localizes with elevated 

xCT levels. Genetic ablation of CD44 or pharmacological inhibition of xCT with SAS reduces SPEM 

formation and tumor progression, underscoring the pathological significance of the CD44vïxCT axis 

[30, 31].  

Beyond CD44v, xCT interacts with additional oncogenic proteins. The glycoprotein MUC1-C, 

frequently overexpressed in TNBC, cooperates with xCT and CD44v to further enhance redox 

defense and resistance to ferroptosis inducers such as Erastin [32]. Similarly, in glioma cells, xCT 

associates with epidermal growth factor receptor (EGFR), which stabilizes its plasma membrane 

localization and strengthens antioxidant capacity and invasiveness. Inhibition of xCT reverses EGFR-

mediated ROS detoxification, highlighting the context-dependent nature of its interactome.  

A major consequence of xCT overexpression is the suppression of ROS-dependent cell death 

pathways. By sustaining cystine uptake and GSH biosynthesis, xCT inhibits apoptosis, autophagy, 

and particularly ferroptosis. The tumor suppressor p53 represses SLC7A11 transcription, thereby 

sensitizing cells to ferroptosis, whereas xCT overexpression counteracts this mechanism and 

diminishes p53ôs tumor-suppressive functions. In hepatocellular carcinoma and other malignancies, 

xCT inactivation induces ROS accumulation and autophagy-associated cell death, further linking its 

function to redox homeostasis [14]. 

In circulating tumor cells, xCT-mediated metabolic activity limits lipid peroxidation and ferroptosis, 

enhancing survival in the highly oxidative environment of the bloodstream. Thus, xCT-dependent 

redox metabolism emerges as a key determinant of metastatic fitness, supporting metabolic plasticity, 

CSC maintenance, and outgrowth at secondary sites [33]. 

xCT also integrates into oncogenic signaling networks. Pharmacological inhibition of xCT with SAS 

activates the p38 MAPK pathway, leading to upregulation of Caveolin-1, which sequesters ɓ-catenin 

at the membrane and limits its transcriptional activity. Since ɓ-catenin drives metastasis, this 

mechanism underscores how xCT contributes to invasive potential [34]. Furthermore, members of 

the STAT family transcriptionally regulate xCT expression, with STAT3 acting as a positive and 

STAT5 as a negative regulator [35]. Environmental stressors further shape xCT expression: under 

hypoxia, glioma cells upregulate xCT to meet increased GSH demand, while in breast cancer, 

chemotherapy induces xCT expression via HIF-1, which in turn activates pluripotency factors such 

as Nanog. This adaptive response enriches CSC populations and supports tumor relapse, an effect 

that can be counteracted by inhibiting either xCT or Nanog [36].  
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Finally, xCT has been implicated in viral oncogenesis. In Kaposiôs sarcoma-associated herpesvirus 

(KSHV) infection, xCT functions as a viral entry receptor, as the viral glycoprotein B binds to it, 

facilitating viral entry, and its expression is upregulated in advanced lesions. KSHV-encoded 

miRNAs suppress transcriptional repressors of xCT, creating a feed-forward loop that enhances viral 

spread and survival of infected cells [37].  

Altogether, these findings highlight xCT as a multifunctional regulator of tumor biology, supporting 

cancer stemness, redox balance, therapy resistance, metabolic plasticity, and immune evasion, while 

also linking it to oncogenic signaling and viral pathogenesis. This versatility positions xCT as both a 

promising therapeutic target and a potential biomarker for tumor progression and treatment response. 

5. xCT modulates the TME through both glutamate release and cystine uptake 

xCT overexpression, frequently observed in several cancers, leads to elevated extracellular glutamate 

levels and a reduction of cystine/cysteine availability. This imbalance profoundly reshapes the TME. 

For example, tumor-driven cystine consumption disrupts cystine/glutamate exchange in CD8  T cells, 

promoting lipid accumulation via CD36, abnormal ROS production, and ultimately T-cell exhaustion 

and ferroptosis. In contrast, macrophages, which express system xc, can act as a ñcysteine pump,ò 

importing cystine and releasing cysteine that sustains T-cell function [38]. However, this 

compensatory mechanism is inhibited by excess extracellular glutamate, which has been shown to 

impair T-cell activation [39]. In addition, xCT-mediated glutamate release promotes 

immunosuppression by stimulating the expansion of regulatory T cells (Tregs) through metabotropic 

glutamate receptor (mGluR) signaling [40]. Altogether, these findings indicate that xCT-dependent 

alterations in cystine and glutamate availability represent a key mechanism through which tumors 

suppress anti-tumor immunity.  

Beyond immune regulation, increasing evidence shows that mGluRs also participate in cancer 

progression by activating oncogenic pathways such as MAPK and PI3K/AKT. Moreover, 

extracellular glutamate activates mGluR3, which in turn triggers Rab27a, a small GTPase governing 

endosomal trafficking [41-43]. Rab27a controls the docking and fusion of multivesicular bodies with 

the plasma membrane, thereby regulating the secretion of extracellular vesicles (EVs) and pro-

metastatic factors such as MMP9 [44]. EV mediate intercellular communication and carry oncogenic 

proteins, RNAs, and lipids that enhance tumor progression. These studies have shown that xCT-

dependent EV secretion contributes to drug resistance in multiple myeloma and promotes pro-

invasive trafficking programs in breast and other solid tumors. Moreover, EV release has been linked 

to ferroptosis resistance, as tumor cells can eliminate excess intracellular iron through vesicular 

export, thereby preventing lethal lipid peroxidation [45]. Taken together, these findings underscore 
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the multifaceted role of xCT in tumor progression. By simultaneously altering extracellular 

glutamate/cystine balance, dampening antitumor immunity, and enhancing EV-mediated 

communication, xCT emerges as a master regulator of TME dynamics [46]. 

6. xCT and chemoresistance  

Chemotherapy remains a cornerstone of cancer treatment, yet the development of drug resistance 

significantly limits its effectiveness. Resistance can be either intrinsic or acquired and involves 

multiple mechanisms, including altered drug transport, activation of detoxification pathways, and 

metabolic adaptation. A defining feature of resistant cancer cells is their ability to tolerate elevated 

oxidative stress, since many chemotherapeutic agents exert their cytotoxic effects by generating ROS 

[47]. Tumor cells with enhanced antioxidant systems, particularly those with elevated GSH 

metabolism, are therefore better equipped to survive therapy-induced oxidative damage. xCT plays a 

central role in this process by sustaining intracellular GSH biosynthesis. Multiple studies demonstrate 

that xCT overexpression confers resistance to a wide range of chemotherapeutic agents, including 

cisplatin, temozolomide, doxorubicin, gemcitabine, and bortezomib [48]. Large-scale 

pharmacogenomic analyses have shown that the correlation between xCT expression and drug 

resistance can even exceed that of classical multidrug resistance genes such as ABCB1 and ABCC1 

[49, 50]. Conversely, genetic or pharmacological inhibition of xCT restores sensitivity to these 

treatments, while supplementation with GSH or its precursors diminishes therapeutic efficacy. Recent 

evidence indicates that xCT contributes to chemoresistance beyond simple ROS detoxification. By 

preventing ferroptosis, xCT enables tumor cells to survive oxidative stress induced by chemotherapy 

[48]. Furthermore, xCT supports metabolic flexibility, allowing cancer cells to rewire glutamine and 

lipid metabolism under nutrient-limiting or drug-induced stress conditions [51]. This functional 

complexity suggests multiple potential points for therapeutic intervention. Preclinical studies indicate 

that combining xCT inhibition with conventional chemotherapy, immune checkpoint blockade, or 

nanoparticle-based drug delivery systems can effectively disrupt cystine metabolism, overcome drug 

resistance, and limit tumor progression [52]. Overall, through its roles in maintaining redox 

homeostasis, suppressing ferroptosis, supporting metabolic adaptation, and modulating the immune 

microenvironment, xCT represents a promising target to enhance the efficacy of cancer therapy and 

reduce the likelihood of treatment failure. 
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Scope and main results of the doctoral project 

The overarching aim of this doctoral project is to elucidate the multifaceted role of the 

cystine/glutamate antiporter xCT in breast cancer progression, metastasis, and therapy resistance, 

with a particular focus on TNBC. Using an integrated experimental strategy combining in vivo and 

in vitro models, this work investigates how xCT influences tumor cell behavior, the immune 

landscape, and the metabolic reprogramming, ultimately contributing to cancer dissemination and 

resistance to treatment. 

The main experimental findings of this doctoral project are presented across three chapters: 

Chapter 1 reports the published study ñCystine/glutamate antiporter xCT deficiency reduces 

metastasis without impairing immune system function in breast cancer mouse modelsò [53], to which 

I made a significant contribution. This work demonstrates that genetic ablation of xCT markedly 

reduces metastatic spread without compromising immune competence, thereby establishing xCT as 

a promising therapeutic target in breast cancer. 

Chapter 2 extends these findings by dissecting the mechanisms through which xCT promotes the 

metastatic ability of TNBC cells. This study tests the hypothesis that xCT acts as a central regulatory 

hub driving TNBC progression through both cancer cellïintrinsic and ïextrinsic mechanisms. The 

results reveal a role of xCT in immune modulation, metabolic alterations, and EVïmediated 

signaling, with observations further validated in human-derived models.  

Chapter 3 focuses on the contribution of xCT to chemotherapy resistance. In particular, this chapter 

investigates whether the inhibition of xCT can overcome doxorubicin resistance in TNBC and HER2  

breast cancer cells. This study also explores a triple-combination strategy that integrates xCT 

targeting with doxorubicin and Toll-like receptor 2 (TLR2) inhibition, building on previous work by 

our group identifying TLR2 as a key molecule in CSC. These findings form the basis of a manuscript 

recently submitted for publication. 

Overall, the results presented in this thesis provides a comprehensive characterization of xCT as a 

molecular and metabolic regulator of breast cancer progression and response to therapy. By 

integrating preclinical and mechanistic evidence, this work delineates how xCT-driven pathways 

contribute to metastasis and drug resistance, providing a foundation for future translational strategies 

targeting xCT-associated vulnerabilities in breast cancer.   
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Results 

Chapter 1 

(For detailed Results and Materials & Methods, please refer to Paper I included in this chapter) 

Following the demonstration in our laboratory that xCT is an important target in CSC biology in 

breast cancer [54], I contributed to the investigation of the biological role of xCT in breast cancer 

progression and immune system competence [53]. The central aim of this first study was therefore to 

determine whether loss of xCT reduces tumor growth and metastasis, and whether such loss has 

detrimental effects on immune competence. In particular, I made a major contribution to the 

generation and analysis of the data presented in Figures 4 and 5, as well as in several supplementary 

figures, by closely collaborating with the first author in the design and execution of the experiments. 

To address these questions, we generated xCT-deficient mice on a BALB/c background and crossed 

them with the BALB-neuT strain, which spontaneously develops mammary tumors due to rat-ErbB2 

overexpression. This approach generated tumor-prone BALB-neuT/xCT-null mice. Tumors 

developing in these animals were also used to derive xCT-null tumor cell lines, which were compared 

with BALB-neuT-derived, xCT-wild-type tumor cells in vitro. In parallel, the widely used metastatic 

breast cancer cell line 4T1 was edited using CRISPR/Cas9 to create xCT-knockout (KO) clones. 

These models allowed us to study proliferation, oxidative stress, and migration in vitro, as well as 

metastatic ability in vivo. To evaluate the consequences of xCT deficiency on immune system, we 

analyzed immune cell populations in the blood, spleen, lungs, and tumors, and performed functional 

assays including vaccination with a plasmid encoding rat/human HER2 in vivo cytotoxic T-cell 

assays, and measurement of humoral responses. We also tested whether pharmacological inhibition 

of xCT using SAS affected immune responsiveness. The results showed that loss of xCT does not 

significantly alter the onset or multiplicity of mammary tumors in BALB-neuT mice. Tumors arose 

with similar timing and number in xCT-null and wild-type mice. However, a consistent and 

biologically meaningful reduction in lung metastases was observed in xCT-deficient animals. This 

finding indicates that xCT is not essential for primary tumor initiation in this model but plays a 

significant role in promoting metastatic dissemination. Immune profiling revealed that the absence of 

xCT did not modify the distribution of major immune cell subsets in the circulation, spleen, lungs, or 

tumors. Lymphocyte populations, myeloid cells, and tumor-infiltrating immune cells were all present 

at comparable levels in xCT-null and wild-type mice, suggesting that systemic xCT deficiency does 

not compromise the steady-state immune landscape. Functional immune assays confirmed these 

observations. When vaccinated with a DNA plasmid encoding HER2, xCT-null mice generated 

cytotoxic T-cell responses comparable to wild-type animals, as measured by in vivo killing of CFSE-
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labeled target cells. Antibody responses against HER2 were also preserved, demonstrating that both 

cellular and humoral immunity remain intact in the absence of xCT. While in vitro cultures of bone 

marrow cells from xCT-null mice showed impaired proliferation and differentiation when exposed to 

tumor-conditioned media, effects that could be rescued by reducing oxidative stress with ɓ-

mercaptoethanol (ɓ-ME), a reducing agent that cut cysteine dimers, these deficits did not translate 

into measurable immune dysfunction in vivo. Moreover, treatment of mice with SAS did not impair 

either T-cell or B-cell responses, reinforcing the concept that therapeutic targeting of xCT is unlikely 

to compromise immune competence.  

Tumor-intrinsic analyses revealed that the lack of xCT profoundly affected cancer cell biology. 

Tumor cells derived from xCT-null mice displayed heightened oxidative stress, increased lipid 

peroxidation, reduced viability under oxidative challenge, and inhibited proliferation in vitro. Re-

expression of xCT in these cells restored their proliferative capacity, confirming that xCT loss was 

responsible for these defects. Similarly, in the CRISPR-engineered 4T1 model, xCT-deficient tumor 

cells exhibited impaired cystine uptake, increased reactive oxygen species, and heightened 

susceptibility to oxidative damage. They also showed marked migratory deficits in both wound-

healing and transwell assays. Importantly, while xCT-KO 4T1 cells formed primary tumors of similar 

size to WT cells when implanted in mice, they produced significantly fewer lung metastases. This 

demonstrates that xCT is particularly critical for the metastatic process rather than primary tumor 

growth. Additional analyses suggested that xCT deficiency may influence not only the tumor cells 

themselves but also the immune landscape of the metastatic niche and formation of the pre-metastatic 

niche in the lungs. Changes in the recruitment of specific immune populations in the lungs of mice 

bearing xCT-deficient tumors indicated that the loss of xCT in tumor cells may indirectly modify the 

metastatic microenvironment, rendering it less permissive to metastatic colonization. 

Overall, the study provides strong evidence that xCT plays a key role in promoting metastasis in 

breast cancer models while being dispensable for effective immune responses. Genetic deletion or 

pharmacological inhibition of xCT does not compromise immune function in vivo but weakens tumor 

cells by increasing oxidative stress and reducing their migratory and metastatic capabilities. These 

findings support the rationale for targeting xCT as a promising therapeutic strategy to limit metastatic 

spread without impairing host immunity. Furthermore, this work raises interesting mechanistic 

questions regarding how xCT regulates tumor-intrinsic redox homeostasis and shapes the 

extracellular microenvironment that facilitates metastasis, thereby highlighting avenues for future 

investigation. 
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Paper I 

(Supplementary Information: https://link.springer.com/article/10.1186/s13046-023-02830-x#Sec21) 
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