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 Abstract
Introduction
Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer characterized by the
absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2). Ferroptosis, a regulated form of cell death driven by lipid peroxidation, has
emerged as a potential therapeutic target. This study aimed to evaluate the expression levels of
ferroptosis-associated genes GPX4, ACSL4, and BCAT2 in TNBC tissues and to investigate their
potential as diagnostic or therapeutic biomarkers.

Material and methods
A total of 100 formalin-fixed paraffin-embedded (FFPE) breast tissue samples were analyzed,
including 60 TNBC patient samples and 40 healthy controls. Gene expression levels of GPX4, ACSL4,
and BCAT2 were determined using RT-qPCR. Statistical comparisons were conducted using the
Mann–Whitney U test, and correlation analyses were performed using Spearman’s test.

Results
The expression levels of GPX4, ACSL4, and BCAT2 were significantly decreased in the TNBC group
compared to controls (p = 0.0001 for all genes). Strong positive correlations were observed among the
three genes, with BCAT2 showing the highest correlation with both GPX4 (R=0.636) and ACSL4
(R=0.683). Additionally, BCAT2 expression negatively correlated with tumor diameter and Ki-67 index.

Conclusions
The significant downregulation and strong positive correlation of GPX4, ACSL4, and BCAT2 in TNBC
tissues suggest a coordinated suppression of ferroptosis. These findings highlight the potential of
targeting ferroptosis as a novel therapeutic strategy in TNBC and propose these genes as candidate
biomarkers for diagnosis and treatment response.Prep
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Triple-Negative Breast Cancer and Ferroptosis: Expression Profiling of Key Regulatory Genes 

ABSTRACT 

Introduction: 

Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer characterized by the absence of 

estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). 

Ferroptosis, a regulated form of cell death driven by lipid peroxidation, has emerged as a potential therapeutic 

target. This study aimed to evaluate the expression levels of ferroptosis-associated genes GPX4, ACSL4, and 

BCAT2 in TNBC tissues and to investigate their potential as diagnostic or therapeutic biomarkers. 

Methods: 

A total of 100 formalin-fixed paraffin-embedded (FFPE) breast tissue samples were analyzed, including 60 TNBC 

patient samples and 40 healthy controls. Gene expression levels of GPX4, ACSL4, and BCAT2 were determined 

using RT-qPCR. Statistical comparisons were conducted using the Mann–Whitney U test, and correlation analyses 

were performed using Spearman’s test. 

Results: 

The expression levels of GPX4, ACSL4, and BCAT2 were significantly decreased in the TNBC group compared 

to controls (p = 0.0001 for all genes). Strong positive correlations were observed among the three genes, with 

BCAT2 showing the highest correlation with both GPX4 (R=0.636) and ACSL4 (R=0.683). Additionally, BCAT2 

expression negatively correlated with tumor diameter and Ki-67 index. 

Conclusion: 

The significant downregulation and strong positive correlation of GPX4, ACSL4, and BCAT2 in TNBC tissues 

suggest a coordinated suppression of ferroptosis. These findings highlight the potential of targeting ferroptosis as 

a novel therapeutic strategy in TNBC and propose these genes as candidate biomarkers for diagnosis and treatment 

response. 
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Introduction 

Breast cancer ranks as the most frequently diagnosed malignancy among women worldwide, representing 

approximately 31% of all new cancer cases. Its progression occurs through a complex, multistep process influenced 

by various interacting factors. [1].  

Accordingly, four subtypes of breast cancer are widely accepted: luminal A, luminal B, HER2-positive, and triple-

negative. The characteristics of these four subtypes are presented in Table 1.  Luminal cancers predominantly 

express low molecular weight cytokeratins (CK7, CK8, CK18, etc.) and are distinguished into three groups based 

on IHC: luminal A, luminal B, and HER2 [2]. Triple-negative breast cancer (TNBC), characterized by the lack of 

ER, PR, and HER2 expression, represents one of the most aggressive subtypes [3]. TNBC includes transcriptional 

subtypes such as BL1, BL2, mesenchymal (M), and luminal androgen receptor (LAR), all defined by significant 

molecular heterogeneity [4,5]. 

Table 1. Breast Cancer Subtypes [2] 

Subtype Receptor Status 

(ER/PR/HER2) 

Molecular 

Features 

Prognosis Targeted Therapy 

Luminal A ER+, PR+, HER2– Low Ki-67, 

hormone-driven 

Good Hormonal therapy 

Luminal B ER+, PR±, HER2- High Ki-67, more 

aggressive 

Middle Hormonal ± HER2 

therapy 

HER2-enriched ER±, PR±, HER2+ HER2 

overexpression 

Variable Anti-HER2 therapy 

Triple-Negative 

(TNBC) 

ER–, PR–, HER2– Basal-like, high 

grade 

Poor No targeted 

therapy; 

chemotherapy-

dependent 

 

While chemotherapy remains the primary treatment for TNBC, resistance frequently develops due to intrinsic or 

acquired mutations, leading to relapse and poor outcomes [6]. The emergence of chemo-resistant cells, which 

contributes to metastasis and recurrence, is strongly associated with metabolic remodeling [7]. Given their 

metabolic plasticity, TNBC cells exploit multiple pathways for survival, supporting their growth, metastasis, and 

therapy resistance [8,9]. Understanding metabolic reprogramming is essential, as it plays a central role in 

regulating ferroptosis—a non-apoptotic form of cell death. Ferroptosis is influenced by cellular lipid metabolism, 

iron homeostasis, and antioxidant capacity, all of which are reprogrammed in cancer cells and represent promising 

therapeutic targets, particularly in TNBC [9]. 

Ferroptosis is distinct from apoptosis and necrosis in that it is driven by the accumulation of lipid-based reactive 

oxygen species (ROS), which results in membrane disruption and subsequent cell demişe [10].   

Defining dependable biomarkers and actionable targets is essential to translate ferroptosis-related mechanisms into 

clinical strategies for TNBC. Recent studies emphasize the association of certain biomarkers with either 

susceptibility or resistance to ferroptosis in this cancer subtype [11].     

Ferroptosis is a regulated form of cell death influenced by glutathione peroxidase 4 (GPX4), glutathione (GSH) 

metabolism, System Xc–, and amino acid availability, all of which are altered in TNBC [12]. GPX4, a key 
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antioxidant enzyme, protects lipid membranes from oxidative damage; its function depends on GSH and selenium 

[13,14]. ACSL4, by activating long-chain PUFAs, sensitizes membranes to ferroptosis. Its expression correlates 

with increased susceptibility to ferroptotic death, while its inhibition may offer cytoprotection [15,16]. 

The mitochondrial isoform BCAT2 regulates sulfur amino acid metabolism and suppresses ferroptosis. It plays a 

role in system Xc inhibitor-induced ferroptosis and modulates pathways involving sulfasalazine and sorafenib 

[17,18]. 

Given these insights, the present study aims to explore the relationship between ferroptosis and metabolic 

reprogramming in TNBC. Specifically, we investigate the expression of GPX4, ACSL4, and BCAT2 in TNBC 

tissues to evaluate their potential roles in therapy resistance and to identify novel targets that may enhance 

ferroptotic sensitivity in this aggressive cancer subtype. 

Material Methods 

In this study, 100 formalin fixed paraffin embedded (FFPE) tissues were used and gene expression analysis of 

GPX4, ACSL4 and BCAT2 molecules active in ferroptosis were investigated in these tissues. The tissues were 

divided into two groups as patient group (Group I), tissues of TNBC patients and control group, breast tissues of 

healthy individuals (Group II). 

Study population 

Tissues from those who had breast cancer and TNBC as a molecular subtype made up Group I (n=60), whereas 

breast tissues from healthy people made up Group II (n=40). Within the scope of the study, tissues from patients 

diagnosed with breast cancer who applied to Mersin University Faculty of Medicine, Department of General 

Surgery between 2015 and 2024 and healthy individuals who constituted the control group were used. 

The patient group included adult women aged 18 years and older with a pathologically confirmed diagnosis of 

breast cancer and an additional molecular subtype of TNBC. The control group consisted of adult women aged 18 

years and older without a pathologically confirmed diagnosis of breast cancer. Breast cancer patients without 

TNBC molecular subtype, tissues from individuals with a diagnosis other than TNBC and individuals under 18 

years of age were excluded. 

Data Collection 

Demographic data such as age, gender, lateralization, immunohistochemical findings (ER, PR, HER2, Ki67), 

tumor size, histological grade, and lymph node metastasis status, tumor type were recorded and their relationships 

were examined. 

Sampling of paraffinized tissues was performed at the Department of Pathology, Mersin University Faculty of 

Medicine. In addition to tumor type, histological grade, tumor size, and lymph node metastasis status, the patients' 

clinical and demographic characteristics, such as age, gender, lateralization, and immunohistochemical findings 

like ER, PR, HER2, and Ki67 results, were assessed, and the associations between these parameters were 

examined. Age was categorized into two groups: 50 years and younger, and over 50 years. An Olympus BX53 

microscope was utilized for the initial diagnosis, and histopathological evaluations were conducted as follows: ER 

and PR positivity was defined by nuclear staining in ≥1% of tumor cells, while negativity was defined by nuclear 
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staining in less than 1%. There were three more staining intensity classifications: mild, moderate, and strong. 

HER2 scoring was assessed according to ASCO-CAP guidelines, categorized as negative (0/+), equivocal (++), or 

positive (++++) [19]. Ki67 proliferative index ≤14 was classified as low proliferative activity and >14 as high 

proliferative activity [20]. Tumor sizes were divided into three categories: <2 cm, 2–5 cm, and >5 cm. 

Lymphovascular invasion, perineural invasion, and lymph node involvement were classified as negative, positive, 

or unknown. 

A 4 μm thick section was taken from the paraffin block with a microtome knife. Depending on the tissue size, 3-5 

sheets for large tissues and 8-10 sheets for small tissues were sectioned. 

Molecular Analysis Expression levels of GPX4, ACSL4 and BCAT2 molecules were determined using RT-PCR 

array procedure. The paraffin layer was removed by deparaffinization and transferred to sterile eppendorf tubes. 

Synthesizing cDNA. cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Thermo 

Fisher Scientific, USA; Cat. No: 4368814) after RNA extraction using the innuPREP FFPE Total RNA Kit 

(Analytik Jena, Germany; PN: 845-KS-2050050). The following Heat Cycler parameters were used in the 

procedure for creating cDNA from RNA extracted from FFPE tissue samples: 10 minutes at 25 °C, 120 minutes 

at 37 °C, 5 seconds at 85 °C, and 1 minute at 4 °C. 

Analysis of gene expression was then performed. Together with the cDNA samples and forward and reverse 

primers made especially for the target genes being studied, the TaqMan® Gene Expression Master Mix (Applied 

Biosystems, USA; PN: 4371135) was used. Using the Roche LightCycler 480 II system (Roche Diagnostics, 

Germany), the procedure was carried out according to the following thermal protocol: an amplification phase 

comprising 40 cycles of 95 °C for 15 seconds and 60 °C for 60 seconds, followed by a cooling phase at 40 °C for 

30 seconds. The incubation phase lasted 50 °C for two minutes, and the activation phase lasted 95 °C for ten 

minutes. 

The reference gene used for normalization was the housekeeping gene beta-actin (ACTB). Following the 

completion of the experimental procedures, the 2−ΔΔCt technique was used to calculate the relative gene expression 

levels. The statistical significance of these results was then examined. The cwhenntration and purity of RNA were 

evaluated using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA), producing 

acceptable A260/A280 ratios ranging from 1.8 to 2.0. Table 2 indicated the gene-specific primers that were utilized.  

Table 2. Sequences of PCR primers used in research to amplify genes 

Target Forward primer (5′ to 3′)  Reverse primer (5′ to 3′) 

GPX4 CAGTTCGGGAAGCAGGAG GCCCTTGGGTTGGATCTT 

ACSL4 CATCCCTGGAGCAGATACTCT TCACTTAGGATTTCCCTGGTCC 

BCAT2 GCTGGTCTTTGCCTTTGAAC CCTTCCAGAACCTCACGCT 

 

Statistical Analysis 

The statistical analysis was performed using IBM SPSS Statistics 22.0. Kolmogorov-Smirnov normality test was 

applied to the variables and it was seen that the data were not normally distributed. Mann-Whitney U test, a non-

Prep
rin

t



parametric test, was applied for pairwise comparisons. Spearman correlation analysis was used to assess the 

relationships between the scales and other variables. In this study, a p-value of less than 0.05 was considered 

statistically significant. 

Results  

Forty healthy women with a mean age of 40.10±11.284 years and 60 patient women with a mean age of 

49.77±11.725 years were included in this study. Typical IHC staining pictures of paraffinised tissues are shown in 

Figure 1. 

 

Figure 1. A. Patient tissue H&E x 100 B. Control tissue x100 

Tissue samples of ER, PR and HER2 negative patients included in the study are shown in Figure 2. The materials 

of the cases included 17 trucuts and 43 resections. The histopathologic diagnosis of invasive ductal carcinoma 

(IDCC) was invasive ductal carcinoma (IDC) and 95% of the cases had a Ki67 index of Luminal B.  

 

Figure 2. Triple negative breast cancer A. Ki67 x100, B. ERx100, C. HER2x100 

Patient demographics and clinical data: 50% (n=30) of patients were ≤50 years, 50% (n=30) >50 years. Sample 

types: 71.7% resections (n=43), 28.3% trucuts (n=17). Tumor sizes: ≤2 cm (16.7%, n=10), 2–5 cm (75%, n=45), 
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>5 cm (8.3%, n=5). Grade: 95% were Grade 3 (n=57), 5% Grade 2 (n=3). Ki-67: 95% Luminal B (n=57), 5% 

Luminal A (n=3). Lymphovascular invasion: negative (56.7%, n=34), positive (25%, n=15), unknown (18.3%, 

n=11). Perineural invasion: absent in 75% (n=45), positive (8.3%, n=5), unknown (16.7%, n=10). Lymph node 

involvement: negative (18.3%, n=11), positive (66.7%, n=40), unknown (15%, n=9). Full histopathologic data are 

in Table 3. 

Table 3. Histopathologic data of the cases 

 Categories Frequency Percentage 

Age ≤50 30 50 

>50 30 50 

Material Type Resection 43 71.7 

Trucut 17 28.3 

Tumor size ≤2 10 16.7 

2-5 45 75 

>5 5 8.3 

Histologic Grade 2 3 5 

3 57 95 

Ki67 LUMİNAL A 3 5 

LUMİNAL B 57 95 

Lymphovascular 

Invasion 

Negative 34 56.7 

Pozitive 15 25 

Unknown 11 18.3 

Perineural Invasion Negative 45 75 

Pozitive 5 8.3 

Unknown 10 16.7 

Lymph Node 

Involvement 

Negative 11 18.3 

Pozitive 40 66.7 

Unknown 9 15 

 

Gene expression levels of ACSL4, GPX4, and BCAT2 were significantly lower in the patient group than in controls 

(p = 0.0001 for all). See Table 4. 

Table 4. Gene expression results 

Parameter 
 

Patient Group (Mean 

± SD) 
 

Control Group (Mean 

± SD) 
 

p-value 
 

ACSL4 2.654 ± 4.470 8.974 ± 13.372 0.0001* 

GPX4 0.239 ± 0.847 226.881 ± 183.888 0.0001* 

BCAT2 3.884 ± 9.819 15.453 ± 43.058 0.0001* 

 

Statistical analysis results showed that ACSL4, GPX4 and BCAT2 gene expression levels were significantly 

decreased in the patient group compared to the control group. (Figure 3) 
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Figure 3. Comparison of gene expression analysis results of the groups. 

The relationships between the parameters were evaluated by correlation analysis with the analyzed results. A 

significant positive correlation was found between BCAT2 and ACSL4 (p<0,001, R=0.683). Similarly, a 

significant positive correlation was observed between BCAT2 and GPX4 (p<0.001, R=0.636). A strong positive 

correlation was found between ACSL4 and GPX4 (p=0.001, R=0,474). (Figure 4) 

  

 

Figure 4. Correlation analysis of parameters 

When the general results were examined, a significant negative correlation was found between BCAT2 and tumor 

diameter (p=0.036, R=-0.272). Furthermore, there was a significant negative correlation between proliferation 

marker Ki-67 and BCAT2 (p<0,001, R=-0.416). 

Multiple linear regression analysis was performed to assess the clinical and histopathological factors influencing 

the expression levels of BCAT1, ACSL4, and GPX4 genes. In the analysis of BCAT1 expression, the variable 

perineural invasion was excluded from the model due to multicollinearity. The revised model approached 
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statistical significance (F = 1.852, p = 0.097) and accounted for 20% of the variance in the dependent variable (R² 

= 0.200). According to this model, tumor diameter (p = 0.017) and the Ki-67 proliferation index (p = 0.027) had a 

statistically significant and negative impact on BCAT1 expression. Conversely, variables such as age, histologic 

grade, biopsy type, lymphovascular invasion, and lymph node status were not found to be statistically significant 

(p > 0.05). In contrast, the regression models for ACSL4 and GPX4 expression did not reach statistical significance 

overall, and none of the examined variables were found to have a significant effect on the expression of these 

genes (p > 0.05). 

Discussion 

Triple-negative breast cancer (TNBC), marked by the absence of HER2, PR, and ER expression, is aggressive with 

poor prognosis due to rapid proliferation and metastasis [21]. Ferroptosis, an iron-dependent lipid peroxidation-

based cell death, offers a promising therapeutic target [22]. It involves ROS accumulation, peroxidation of PUFA-

containing phospholipids, and mitochondrial shrinkage [23]. This study investigates GPX4, ACSL4, and BCAT2 

expression in TNBC to inform new therapeutic strategies. 

GPX4, a critical antioxidant enzyme, plays a central role in preventing lipid peroxidation and suppressing 

ferroptosis, thereby promoting TNBC cell survival. Its inhibition has been reported to trigger ferroptotic cell death 

and may underlie mechanisms of chemoresistance; notably, one study also demonstrated that suppressing GPX4 

not only promotes tumor ferroptosis but simultaneously augments antitumor immune responses. [24, 25, 26]. Our 

study found significantly decreased GPX4 expression in TNBC tissues (p=0.0001), which may be linked to patient 

grade, microenvironment, or tumor stage, as most patients were Grade 3. 

Gankyrin, overexpressed in TNBC, promotes p53 degradation via MDM2 interaction and elevates GPX4, 

suppressing ferroptosis. Its silencing stabilizes p53, reduces SLC7A11, and lowers GPX4 [27]. These mechanisms 

support our findings and highlight upstream regulators like gankyrin as therapeutic targets. Paclitaxel and apatinib 

combination therapy suppresses GPX4 and SLC7A11, promoting ferroptosis via increased iron and lipid 

peroxidation [28]. Our findings of reduced GPX4 expression in TNBC align with this, emphasizing GPX4’s 

therapeutic relevance. Evaluating systemic therapies’ effects on ferroptosis could enable more targeted TNBC 

treatment. 

GPX4 also contributes to TNBC progression in obesity contexts, and its inhibition curbs tumor growth [29]. GPX4 

also enhances TNBC cell adaptation to oxidative stress by cooperating with other ferroptosis-inhibiting 

mechanisms [30]. Exploring ferroptosis pathways alongside chemotherapeutic or targeted drugs may improve 

understanding and support the development of more effective TNBC treatments. 

ACSL4 transcription is regulated by RORα (promoter-level) and ERRα (direct control), with Sp1 acting as a key 

promoter modulator in TNBC. Post-transcriptional regulation via mRNAs also influences ACSL4 expression [31]. 

ACSL4 modifies cell membrane lipids, increasing ferroptosis sensitivity. Elevated ACSL4 in cancer cells promotes 

ferroptosis, while low expression or gene deletion induces resistance [32]. 

ACSL4 promotes ferroptosis by incorporating PUFAs into phospholipids. Conversely, ACSL3 favors mono-

unsaturated fatty acids, enabling cancer cells to escape ferroptosis. Expression shift from ACSL4 to ACSL3 may 

underlie the low ACSL4 levels in our TNBC group [33]. Although ACSL3 was not analyzed, its possible 
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upregulation warrants further study on their coordinated regulation. Mammary adipocytes may protect TNBC cells 

from ferroptosis via oleic acid through an ACSL3-dependent pathway. ACSL3 silencing increased lipid 

peroxidation and reduced cell viability. The observed ACSL4 reduction may reflect a compensatory ACSL3 

increase [34], highlighting the need for deeper mechanistic studies. 

In our study, BCAT2 (hBCATm) expression was significantly decreased in TNBC tissues, consistent with 2021 

findings. As a key enzyme in BCAA transamination and intracellular metabolism regulation, its suppression 

suggests altered mitochondrial BCAA metabolism and metabolic reprogramming. BCAT2 co-regulates lipogenic 

factors like SREBP1 and may interact with IDH1 [35], indicating its role in ferroptosis sensitivity, redox balance, 

and energy metabolism. 

CRISPR/Cas9 screening in HepG2 cells identified BCAT2 as a ferroptosis repressor, with inducers downregulating 

it via the AMPK/SREBP1 pathway. BCAT2 modulates glutamate levels and counters system Xc– inhibitors, 

protecting against ferroptotic death [36]. Our study’s reduced BCAT2 expression in TNBC aligns with these 

findings, suggesting impaired ferroptosis regulation and potential sensitivity to ferroptotic stimuli. Future studies 

should investigate AMPK/SREBP1 and system Xc– axis regulators in this context. 

Literature reports on AMPK’s role in ferroptosis are contradictory. Some show AMPK promotes ferroptosis via 

BECN1 phosphorylation and complex formation with SLC7A11 [37], while others indicate energy stress-activated 

AMPK inhibits ferroptosis [38]. 

These conflicting results may stem from variations in basal AMPK activity and microenvironmental factors. Our 

finding of suppressed BCAT2 expression, linked to AMPK/SREBP1 signaling, suggests AMPK may influence 

ferroptosis regulation in TNBC. Thus, further mechanistic studies are warranted to clarify the AMPK-BCAT2-

ferroptosis relationship. 

We observed strong positive correlations between GPX4, ACSL4, and BCAT2. The most robust was between 

BCAT2 and ACSL4 (p<0.001, R=0.683), followed by BCAT2–GPX4 (p<0.001, R=0.636) and GPX4–ACSL4 

(p=0.001, R=0.474). These findings imply their co-suppression in TNBC, potentially increasing ferroptosis 

sensitivity. BCAT2’s correlation with both molecules links energy metabolism and lipid peroxidation, supporting 

their joint use in ferroptosis-based therapeutic strategies. 

In this study, GPX4, ACSL4, and BCAT2 expression levels were significantly decreased in TNBC tissues 

compared to controls. Strong positive correlations between these molecules suggest coordinated ferroptosis 

regulation in TNBC. While some studies report opposing GPX4–ACSL4 patterns [39], our results show a positive 

correlation, possibly reflecting TNBC-specific molecular dynamics. BCAT2’s strong correlation with both GPX4 

and ACSL4 further supports a link between amino acid metabolism and lipid peroxidation, highlighting the role 

of metabolic reprogramming. These genes may serve as biomarkers for both disease characterization and 

therapeutic targeting in TNBC. 

Given the downregulation of GPX4, ACSL4, and BCAT2 in TNBC tissues, future research may focus on 

therapeutic approaches such as GPX4 inhibitors (e.g., RSL3, ML210), ACSL4 modulation, or RNA interference 

strategies targeting BCAT2. These interventions hold promise for restoring ferroptotic sensitivity and overcoming 

treatment resistance in TNBC. 
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This study has several limitations. Firstly, the relatively limited number of patients and the fact that the samples 

were obtained from a single center limits the generalizability of the results to larger populations. Secondly, GPX4, 

ACSL4 and BCAT2 gene expression levels were evaluated only by RT-qPCR; confirmatory analyses at the protein 

level and functional validation experiments (e.g., ferroptosis induction assays, gene knockdown) could not be 

performed due to budgetary and technical constraints. Thirdly, the retrospective nature of the study prevented 

access to longitudinal clinical outcomes such as survival and treatment response. Future studies should aim to 

address these limitations through prospective, multicenter designs, inclusion of functional assays, and long-term 

follow-up to fully assess the prognostic and therapeutic potential of ferroptosis-related genes in TNBC. 

Conclusion 

In conclusion, our study demonstrates that the expression levels of GPX4, ACSL4, and BCAT2—three key 

regulators of ferroptosis—are significantly decreased in triple-negative breast cancer tissues compared to healthy 

controls. The strong positive correlations observed among these genes suggest a coordinated suppression of 

ferroptosis in TNBC, potentially contributing to tumor aggressiveness and treatment resistance. These findings 

support the notion that ferroptosis plays a central role in TNBC biology and highlight the potential utility of GPX4, 

ACSL4, and BCAT2 as diagnostic and therapeutic biomarkers. Although further functional and clinical validation 

is required, our results lay the groundwork for future studies aiming to exploit ferroptosis-targeted strategies as a 

novel therapeutic approach in managing TNBC. 

Author contributions This idea was developed by SEA. SEA SEE conducted the statistical analysis. SEA wrote 

the main manuscript and prepared the figures. SEA and CY performed the molecular analyses. All authors 

critically reviewed the manuscript.  

Funding The authors declare that no funds, grants, or other support were received during the preparation of this 

manuscript. 

Data availability The data cannot be shared publicly and will only be shared if requests for access to article data 

are submitted in writing. 

Declarations  

Conflict of interest The authors have no relevant financial or non-financial interests to disclose. 

Ethics approval This study was performed in line with the principles of the Declaration of Helsinki. This study 

was approved by Mersin University Clinical Research Ethics Committee (Mersin, Turkey)(02/10/2024, 2024/924). 

 

References 

1. He P, Du H, Zhou Q, Wu Y. RNA-seq-based elucidation of lactylation in breast cancer. Arch Med Sci. 

2024. 10.5114/aoms/186668   

2. Orrantia-Borunda E, Anchondo-Nuñez P, Acuña-Aguilar LE, Gómez-Valles FO, Ramírez-Valdespino 

CA.  Subtypes of Breast Cancer.. Breast Cancer [Internet]. Brisbane (AU): Exon Publications; 2022  

3. Wu S, Pan R, Lu J, Wu X, Xie J, Tang H, Li X. Development and Verification of a Prognostic Ferroptosis-

Related Gene Model in Triple-Negative Breast Cancer. Front Oncol. 2022:12,896927. 

10.3389/fonc.2022.896927.  

Prep
rin

t



4. Lehmann BD, Jovanović B, Chen X, Estrada MV, Johnson KN, Shyr Y, et al.. Refinement of triple-

negative breast cancer molecular subtypes: implications for neoadjuvant chemotherapy selection. PloS 

one. 2016 10.1371/journal.pone.0157368 

5. Yam C, Mani SA, Moulder SL. (2017) Targeting the molecular subtypes of triple negative breast cancer: 

understanding the diversity to progress the field. Oncologist. 10.1634/theoncologist.2017-0095 

6. Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. (2013) Cancer drug resistance: an evolving 

paradigm. Nat Rev Cancer. 10.1038/nrc3599 

7. Wu Q, Siddharth S, Sharma D. (2021 )Triple negative breast cancer: a mountain yet to be scaled despite 

the triumphs. Cancers. 10.3390/cancers13153697 

8. Stine ZE, Schug ZT, Salvino JM, Dang CV. (2022) Targeting cancer metabolism in the era of precision 

oncology. Nature Rev Drug Discover. 10.1038/s41573-021-00339-6 

9. Sun X, Wang M, Wang M, Yu X, Guo J, Sun T, et al. (2020) Metabolic reprogramming in triple-negative 

breast cancer. Front Oncol. /10.3389/fonc.2020.00428 

10. Li X, Zhang C, Qian P.  STXBP1 inhibits glioma progression by modulating 1 ferroptosis and epithelial2 

mesenchymal transition. Arch Med Sci. 10.5114/aoms/203472 

11. Khan M, Sunkara V, Yadav M, Bokhari SFH, Rehman A, Maheen A, Shehryar A, Chilla SP, Nasir M, 

Niaz H, Choudhari J, Anika NN, Amir M. Ferroptosis and Triple-Negative Breast Cancer: A Systematic 

Overview of Prognostic Insights and Therapeutic Potential. Cureus. 2024:16(1):e51719. 10.7759/cureus  

12. Gao M, Yi J, Zhu J, Minikes AM, Monian P, Thompson CB, et al. (2019) Role of mitochondria in 

ferroptosis. Mol Cell. 10.1016/j.molcel.2018.10.042 

13. Song X, Wang X, Liu Z, Yu Z. (2020) Role of GPX4-mediated ferroptosis in the sensitivity of triple 

negative breast cancer cells to gefitinib. Frontiers Oncol. 10.3389/fonc.2020.597434 

14. Ursini F, Maiorino M. (2020) Lipid peroxidation and ferroptosis: The role of GSH and GPx4. Free Radic 

Biol Med. 10.1016/j.freeradbiomed.2020.02.027 

15. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. (2017) ACSL4 dictates 

ferroptosis sensitivity by shaping cellular lipid composition. Nat Chem Biol. 10.1038/nchembio.2239 

16. Bebber CM, Thomas ES, Stroh J, Chen Z, Androulidaki A, Schmitt A, et al. (2021) Ferroptosis response 

segregates small cell lung cancer (SCLC) neuroendocrine subtypes. Nat Commun. 10.1038/s41467-021-

22336-4   

17. Shafei, M.A., Flemban, A., Daly, C. et al. (2021) Differential expression of the BCAT isoforms between 

breast cancer subtypes. Breast Cancer 10.1007/s12282-020-01197-7  

18. Hall TR, Wallin R, Reinhart GD, Hutson SM. (1993) Branched chain aminotransferase isoenzymes. 

Purification and characterization of the rat brain isoenzyme. J Biol Chem.;268:3092–8. 

19. Tuncel F, Satıcı FEG, Bozkurt F, Alpaslan Duman A, Dag A. (2021) Clinicopathological features of breast 

cancer cases and their relationship with immunohistochemical findings. Ann Med Res 

10.5455/annalsmedres.2020.04.320 

20. Sun J, Chen C, Wei W, Zheng H, Yuan J, Tu YI, Yao F, Wang L, Yao X, Li J, Li Y, Sun S. (2015) 

Associations and indications of Ki67 expression with clinicopathological parameters and molecular 

subtypes in invasive breast cancer: A population-based study. Oncol Lett. 10.3892/ol.2015.3461. 

Prep
rin

t



21. Denkert, C., Liedtke, C., Tutt, A., & von Minckwitz, G. (2017). Molecular alterations in triple-negative 

breast cancer—the road to new treatment strategies. The Lancet, 10.1016/S0140-6736(16)32454-0  

22. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon SJ, Fulda S, Gascón S, Hatzios 

SK, Kagan VE, Noel K, Jiang X, Linkermann A, Murphy ME, Overholtzer M, Oyagi A, Pagnussat GC, 

Park J, Ran Q, Rosenfeld CS, Salnikow K, Tang D, Torti FM, Torti SV, Toyokuni S, Woerpel KA, Zhang 

DD. (2017) Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and 

Disease. Cell. 10.1016/j.cell.2017.09.021. 

23. Mokhtarpour, K., Hashemian, S. M., Ghasemi, A., & Shafiee, M. (2024). The morphological features of 

ferroptosis: a focused review. Journal of Cellular and Molecular Medicine, 10.1111/jcmm.18111. 

24. Jiang, X., Stockwell, B. R., Conrad, M. (2021). Ferroptosis: mechanisms, biology and role in disease. 

Nature Reviews Molecular Cell Biology, 10.1038/s41580-020-00324-8. 

25. Lui, G. Y. L., Oei, M. S., Van Geldermalsen, M., Teh, J. L., Frazer, L. A., Shtein, H. C.,  Grewal, T. (2022). 

The role of GPX4 in breast cancer and its potential as a therapeutic target. Cell Death & Disease, 

10.1038/s41419-022-04589-0. 

26. Yang F, Xiao Y, Ding JH, Jin X, Ma D, Li DQ, Shi JX, Huang W, Wang YP, Jiang YZ, Shao ZM. 

Ferroptosis heterogeneity in triple-negative breast cancer reveals an innovative immunotherapy 

combination strategy. Cell Metab. 2023: 35(1):84-100.e8. 10.1016/j.cmet.2022.09.021 

27. Lei, M., Zhang, Y. L., Huang, F. Y., Chen, H. Y., Chen, M. H., Wu, R. H., Dai, S. Z., He, G. S., Tan, G. 

H., Zheng, W. P. (2023). Gankyrin inhibits ferroptosis through the p53/SLC7A11/GPX4 axis in triple-

negative breast cancer cells. Scientific Reports, 10.1038/s41598-023-49136-8. 

28. Ma, X., Cao, D., Zhang, Y., Ding, X., Hu, Z., Wang, J. (2025). Apatinib combined with paclitaxel 

suppresses synergistically TNBC progression through enhancing ferroptosis susceptibility regulated 

SLC7A11/GPX4/ACSL4 axis. Cellular Signalling. 10.1016/j.cellsig.2024.111760. 

29. Devericks, E. N., Brosnan, B. H., Ho, A. N., Glenny, E. M., Malian, H. M., Teegarden, D., Wendt, M. K., 

Coleman, M. F.,  Hursting, S. D. (2025). Glutathione peroxidase 4 (GPX4) and obesity interact to impact 

tumor progression and treatment response in triple-negative breast cancer. Cancer & Metabolism,. 

10.1186/s40170-025-00380-8 

30. Hangauer, M. J., Viswanathan, V. S., Ryan, M. J., Bole, D., Eaton, J. K., Matov, A., McCormick, F. (2017). 

Drug-tolerant persister cancer cells are vulnerable to GPX4 inhibition. Nature, 10.1038/nature24297 

31. Chen, F., Kang, R., Liu, J., Tang, D. (2023). The ACSL4 network regulates cell death and autophagy in 

diseases. Biology, 864. 10.3390/biology12060864. 

32. Bebber, C. M., Thomas, E. S., Stroh, J., Chen, Z., Androulidaki, A., Schmitt, A., Conrad, M. (2021). 

Ferroptosis response segregates small cell lung cancer (SCLC) neuroendocrine subtypes. Nature 

Communications, 10.1038/s41467-021-22336-4  

Prep
rin

t



33. Yang, Y., Zhu, T., Wang, X., Xiong, F., Hu, Z., Qiao, X., Yuan, X., Wang, D. (2022). ACSL3 and ACSL4, 

distinct roles in ferroptosis and cancers. Cancers (Basel), 10.3390/cancers14235896 

34. Xie, Y., Wang, B., Zhao, Y., Zhang, J., Zhou, Y., Liu, Z. (2022). Mammary adipocytes protect triple-

negative breast cancer cells from ferroptosis. Journal of Hematology & Oncology, 10.1186/s13045-022-

01297-1 

35. Shafei, M.A., Flemban, A., Daly, C. et al. (2021) Differential expression of the BCAT isoforms between 

breast cancer subtypes. Breast Cancer . 10.1007/s12282-020-01197-7 

36. Wang, K., Zhang, Z., Tsai, Hi. et al. (2021) Branched-chain amino acid aminotransferase 2 regulates 

ferroptotic cell death in cancer cells. Cell Death Differ. 10.1038/s41418-020-00644-4  

37. Song X, Zhu S, Chen P, Hou W, Wen Q, Liu J, Xie Y, Liu J, Klionsky DJ, Kroemer G, Lotze MT, Zeh HJ, 

Kang R, Tang D. (2018) AMPK-Mediated BECN1 Phosphorylation Promotes Ferroptosis by Directly 

Blocking System Xc
- Activity. Curr Biol. 10.1016/j.cub.2018.05.094. 

38. Lee H, Zandkarimi F, Zhang Y, Meena JK, Kim J, Zhuang L, Tyagi S, Ma L, Westbrook TF, Steinberg 

GR, Nakada D, Stockwell BR, Gan B. (2020) Energy-stress-mediated AMPK activation inhibits 

ferroptosis. Nat Cell Biol. 10.1038/s41556-020-0461-8.  

39. Sha R, Xu Y, Yuan C, Sheng X, Wu Z, Peng J, Wang Y, Lin Y, Zhou L, Xu S, Zhang J, Yin W, Lu J. 

(2021) Predictive and prognostic impact of ferroptosis-related genes ACSL4 and GPX4 on breast cancer 

treated with neoadjuvant chemotherapy. EBioMedicine. 10.1016/j.ebiom.2021.103560.  

Prep
rin

t



Powered by TCPDF (www.tcpdf.org)

Prep
rin

t



TABLES 

Table 1. Breast Cancer Subtypes [2] 

Subtype Receptor Status 

(ER/PR/HER2) 

Molecular 

Features 

Prognosis Targeted Therapy 

Luminal A ER+, PR+, HER2– Low Ki-67, 

hormone-driven 

Good Hormonal therapy 

Luminal B ER+, PR±, HER2- High Ki-67, more 

aggressive 

Middle Hormonal ± HER2 

therapy 

HER2-enriched ER±, PR±, HER2+ HER2 

overexpression 

Variable Anti-HER2 therapy 

Triple-Negative 

(TNBC) 

ER–, PR–, HER2– Basal-like, high 

grade 

Poor No targeted 

therapy; 

chemotherapy-

dependent 

 

Table 2. Sequences of PCR primers used in research to amplify genes 

Target Forward primer (5′ to 3′)  Reverse primer (5′ to 3′) 

GPX4 CAGTTCGGGAAGCAGGAG GCCCTTGGGTTGGATCTT 

ACSL4 CATCCCTGGAGCAGATACTCT TCACTTAGGATTTCCCTGGTCC 

BCAT2 GCTGGTCTTTGCCTTTGAAC CCTTCCAGAACCTCACGCT 

 

Table 3. Histopathologic data of the cases 

 Categories Frequency Percentage 

Age ≤50 30 50 

>50 30 50 

Material Type Resection 43 71.7 

Trucut 17 28.3 

Tumor size ≤2 10 16.7 

2-5 45 75 

>5 5 8.3 

Histologic Grade 2 3 5 

3 57 95 

Ki67 LUMİNAL A 3 5 

LUMİNAL B 57 95 

Lymphovascular 

Invasion 

Negative 34 56.7 

Pozitive 15 25 

Unknown 11 18.3 

Perineural Invasion Negative 45 75 

Pozitive 5 8.3 

Unknown 10 16.7 

Lymph Node 

Involvement 

Negative 11 18.3 

Pozitive 40 66.7 

Unknown 9 15 

 

Table 4. Gene expression results 

Parameter 
 

Patient Group (Mean 

± SD) 
 

Control Group (Mean 

± SD) 
 

p-value 
 

ACSL4 2.654 ± 4.470 8.974 ± 13.372 0.0001* 
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GPX4 0.239 ± 0.847 226.881 ± 183.888 0.0001* 

BCAT2 3.884 ± 9.819 15.453 ± 43.058 0.0001* 

 

Prep
rin

t



A. Patient tissue H&E x 100 B. Control tissue x100
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Triple negative breast cancer A. Ki67 x100, B. ERx100, C. HER2x100
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Comparison of gene expression analysis results of the groups.
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Correlation analysis of parameters
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