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A B S T R A C T   

Triple-negative breast cancer (TNBC) is the most aggressive breast cancer subtype. Radiotherapy is an effective 
option for the treatment of TNBC; however, acquired radioresistance is a major challenge to the modality. In this 
study, we show that the integrated stress response (ISR) is the most activated signaling pathway in radioresistant 
TNBC cells. The constitutive phosphorylation of eIF2α in radioresistant TNBC cells promotes the activation of 
ATF4 and elicits the transcription of genes implicated in glutathione biosynthesis, including GCLC, SLC7A11, and 
CTH, which increases the intracellular level of reduced glutathione (GSH) and the scavenging of reactive oxygen 
species (ROS) after irradiation (IR), leading to a radioresistant phenotype. The cascade is significantly up- 
regulated in human TNBC tissues and is associated with unfavorable survival in patients. Dephosphorylation 
of eIF2α increases IR-induced ROS accumulation in radioresistant TNBC cells by disrupting ATF4-mediated GSH 
biosynthesis and sensitizes them to IR in vitro and in vivo. These findings reveal ISR as a vital mechanism un-
derlying TNBC radioresistance and propose the eIF2α/ATF4 axis as a novel therapeutic target for TNBC 
treatment.   

1. Introduction 

Triple-negative breast cancer (TNBC) is the most aggressive subtype 
of BC, which is associated with ~67% of BC deaths despite accounting 
for only 10–30% of all BC cases [1]. Due to the lack of estrogen receptor 
(ER), human epidermal receptor 2 (HER2), and progesterone receptor 
(PR), TNBC is inherently resistant to classic BC targeted therapies, 
including hormone therapy, making it the most challenging BC in the 
clinic. 

Radiotherapy (RT) is an effective option for TNBC local control, 
especially in patients receiving breast-conserving surgery [2]. Compared 
with those without post-operational treatment, adjuvant RT decreased 

the 10-year recurrence rate of TNBC from 35% to 19% and significantly 
improved patients’ 15-year survival rate [3]. Nevertheless, TNBC is 
more likely to develop a radioresistant phenotype than other BC sub-
types, resulting in a higher recurrence rate and a poor response to 
subsequent treatment [4,5]. So far, the regulatory mechanisms involved 
in TNBC radioresistance remain poorly characterized. There is also a 
lack of clinically effective radiosensitizers for the treatment of TNBC 
patients [6]. Therefore, elucidating the mechanism of TNBC radio-
resistance and identifying potential therapeutic targets may have a high 
clinical impact. 

The integrated stress response (ISR) is initiated by the phosphory-
lation of eukaryotic Initiation Factor 2α (eIF2α) on serine 51 in response 
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to various stressed conditions, including glucose deprivation, amino 
acid starvation, endoplasmic reticulum stress, and hypoxia [7]. The 
phosphorylated site inhibits the release of eIF2α from eIF2α-GDP/eIF2β 
complexes, which blocks the global protein synthesis while allows the 
translation of mRNAs with small open reading frames in their 5’ UTRs 
(uORFs). Several studies indicated that ISR activation plays a critical 
role in protecting cells from oxidative stress injury [8–10]. For example, 
the hyperphosphorylated eIF2α in cancer cells was shown to repress 
cytotoxics-induced accumulation of reactive oxygen species (ROS) and 
cause chemoresistance [11,12]. Although the effect was considered to 
be associated with the inhibition of reduced glutathione (GSH) depletion 
and the efflux of oxidative glutamate [13,14], the exact mechanism by 
which eIF2α phosphorylation contributes to therapeutic resistance is not 
fully understood, and the role of ISR in cancer radioresistance remains to 
be elucidated. 

In this study, we demonstrate for the first time that the eIF2α/ATF4 
axis plays a key role in the fine-tuning of the GSH biosynthesis gene 
transcriptional program involved in TNBC radioresistance. We show 
that constitutive eIF2α phosphorylation and ATF4 activation are 
required to maintain intracellular GSH homeostasis and redox balance 
in radioresistant TNBC under oxidative stress conditions. The high 
intratumoral expression of the axis-associated genes predicts a poor 
clinical prognosis in TNBC patients, whereas the eIF2α/ATF4 axis in-
hibition can restore the sensitivity of radioresistant TNBC to IR in vitro 
and in vivo. These findings reveal ISR as a vital mechanism contributing 
to cancer radioresistance and provide a rationale for exploring eIF2α/ 
ATF4 signaling as a novel therapeutic target for TNBC treatment. 

2. Materials and methods 

2.1. Cell culture 

Human TNBC cell lines (MDA-MB-231, -436, and -468) were pur-
chased from the American Type Culture Collection (ATCC, VA, USA). 
MDA-MB-231, -436, and -468 cells were cultured in the Iscove’s Modi-
fied Dulbecco’s Medium (IMDM) (Gibco, VIC, Australia), and RPMI- 
1640 medium (Gibco), Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco), respectively, supplemented with 10% fetal bovine serum (FBS, 
Gibco) and 1% penicillin-streptomycin solution (Gibco). All cell lines 
were maintained in a humidified atmosphere with 5% CO2 at 37 ◦C. 

2.2. Establishment of radioresistant TNBC cell lines 

Parental TNBC cells in 75 cm2 flasks were placed on a 5-cm motor-
ized shelf with a distance to X-ray tube being 76 cm in the X-Rad 320 
Biological Irradiator (Accela s.r.o., Prague, Czech Republic) and were 
irradiated at 0.8 Gy/min (min) dose rate at 320 kV and 12.5 mA. Each 
cell line received a total dose of 60 Gy IR (2 Gy per fraction × 5 fractions 
per week for 6 weeks). The radioresistant cells (MDA-MB-231-RR, − 436- 
RR, and − 468-RR) were derived from surviving clones after IR. 

2.3. Colony formation assay 

Exponentially growing cells were seeded in a 6-well plate at a density 
of 2 × 103 per well. They were treated with the indicated conditions and 
cultured for 9–14 days. Colonies (>50 cells) were stained with 0.5% 
crystal violet for 15 min at room temperature and were immediately 
counted and photographed. 

2.4. Sample preparation for label-free proteomics 

Cells were lysed using the lysis buffer consisting of 3% sodium 
deoxycholate, 6 M urea, and 1 × Halt™ protease and phosphatase in-
hibitor cocktail (Thermo Scientific, VIC, Australia) in 50 mM ammonium 
bicarbonate (AMBIC) buffer. After sonicating and agitating, samples 
were centrifuged (14,000×g for 15 min at 4 ◦C) and the supernatant was 

collected for BCA assay. Protein samples were reduced with 15 mM 
dithiothreitol at 60 ◦C for 30 min and then alkylated with 20 mM 
iodoacetamide at room temperature for 30 min in the dark. These 
samples were diluted with 50 mM AMBIC buffer six times before 
digestion which was performed with the Pierce™ Trypsin Protease 
(Thermo Scientific) at a trypsin:protein ratio of 1:50 (w/w) at 37 ◦C 
overnight. On the second day, formic acid (FA) was added to stop 
digestion, and the precipitates were removed by centrifugation. The 
supernatants were desalted and cleaned using the Pierce™ C18 Spin Tips 
(Thermo Scientific). Collected samples were dried using the SpeedVac 
centrifugal evaporator and then resolved in 0.1% FA to a final concen-
tration of 1 μg/μL. 

2.5. Label-free quantitative proteomics 

Label-free proteomics was carried out using the high-performance 
liquid chromatography (HPLC) with tandem mass spectrometric (MS/ 
MS) as described previously [15]. A detailed description of methods is 
included in Supplementary materials and methods. 

2.6. Protein identification and quantitation 

Peak picking of peptides was performed using the Progenesis QI 
(Waters, NSW, Australia). Ion abundances and features of peptides were 
aligned to a reference sample containing equal contributions of all 
samples. Peptide abundances were normalized against the total abun-
dances and compared by one-way analysis of variance (ANOVA). The 
ms/ms spectra of peptides were exported to the Mascot Daemon v2.5.1 
(Matrix Science, London, UK) for protein identification against the 
SwissProt database (downloaded Feb 2018; containing 556,568 se-
quences) and with the following parameter set: (i) taxonomy, homo 
sapiens (human); (ii) fixed modifications, carbamidomethyl DTT (C); 
(iii) variable modifications, cysteinyl (C), oxidation (C), oxidation (M), 
phospho (STY); (iv) enzyme, semiTrypsin; (v) maximum missed cleav-
ages, 2; (vi) peptide charge 2+, 3+ and 4+; (vii) peptide tolerance, ± 4 
ppm; (viii) ms/ms tolerance, 0.4 Da. False discovery rate (FDR) with q 
value set at <0.01 was used as a filter at both protein and peptide level, 
and only proteins with at least two unique peptides were included for 
the final report. Pathways enriched within the dataset were analyzed 
using the Ingenuity Pathways Analysis software (IPA®, QIAGEN, MD, 
USA). The core analysis was carried out using the default settings, with 
only direct relationships and experimentally observed confidence 
considered. The P-value for the correlation between identified proteins 
and a given canonical pathway was calculated by Fisher’s exact test. 

2.7. Western blot (WB) 

Total protein was extracted with the RIPA lysis buffer containing 1 ×
Halt™ protease and phosphatase inhibitor cocktail (Thermo Scientific), 
while nuclear protein was extracted using the NE-PER Nuclear and 
Cytoplasmic Extraction Kit (Thermo Scientific). WB was performed as 
described previously [16]. A detailed description of methods and anti-
bodies (Abs) is included in Supplementary materials and methods. 

2.8. Immunofluorescence (IF) 

Dual-color staining was performed with primary and secondary Abs 
and propidium iodide (PI, 0.2 μg/mL), while four-color staining was 
achieved using rabbit primary Abs, the Zenon™ Tricolor Rabbit IgG 
Labeling Kit (Thermo Scientific), and 4′,6-diamidino-2-phenylindole 
(DAPI, 0.5 μg/mL). A detailed description of methods and Abs is 
included in Supplementary materials and methods. 

2.9. ROS detection 

ROS detection was performed with the CellROX™ green probe 
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(Thermo Scientific). The probe can measure the oxidative stress caused 
by superoxide anion and hydroxyl radicals in live cells [17]. Cells were 
seeded in a 96-well plate at the density of 2.5 × 104 cells per well for 24 
h and then treated with 4 Gy IR in the culture medium. After 24 h, the 
CellROX® Green Reagent was added into the cells with a final concen-
tration of 5 μM and incubated for 30 min at 37 ◦C in the dark. Then cells 
were washed with 1 × PBS three times, and the fluorescence was 
measured at excitation/emission = 485/520 nm using the Infinite® 
M200 PRO microplate reader (Tecan, Männedorf, Switzerland). 

2.10. Glutathione detection 

GSH and oxidized glutathione (GSSG) detection were achieved using 
the GSH/GSSG Ratio Detection Assay Kit (Abcam, VIC, Australia) ac-
cording to the specification. GSH and GSSG were labeled with 1 × Thiol 
Green solution and 1 × GSSG Probe solution, respectively, and were 
detected by the Infinite® M200 PRO microplate reader at excitation/ 
emission of 490/520 nm. 

2.11. Quantitative real-time PCR (qRT-PCR) 

Total RNA was isolated using the High Pure RNA Isolation Kit (Roche 
Diagnostics GmbH, Mannheim, Germany) according to the manufac-
turer’s instruction. Reverse transcription was performed with iScript 
Advanced cDNA Synthesis Kit (BioRad, NSW, Australia) with 1 μg total 
RNA. The qRT-PCR was performed with PrimePCR SYBR® Green Assays 
(BioRad) and 2 μL cDNA on a CFX96™ Real-Time PCR System (BioRad). 
GAPDH was used as a reference, and the 2− ΔΔCT method was used for 
calculating the relative gene expression. Primers for qRT-PCR are listed 
in Supplementary materials and methods. 

2.12. Polysome preparation 

Polysomes were size-fractionated by a 10 mL sucrose density 
gradient made by 1 mL of each sucrose solution (bottom to top: 50%– 
5%). Briefly, cells were incubated in the medium containing 100 μg/mL 
cycloheximide (Sigma-Aldrich, NSW, Australia) for 10 min at 37 ◦C and 
were lysed in polysome lysis buffer containing 1% Triton™ X-100 
(Sigma-Aldrich). The supernatant was collected by centrifugation and 
was added to the top of the gradient in an ultracentrifuge tube. The 
gradient was centrifuged for 2 h (36,000 rpm at 4 ◦C) using the SW 41 Ti 
Swinging-Bucket Rotor (Beckman Coulter Life Sciences, NSW, 
Australia). A total of twelve fractions were collected from the top to the 
bottom of the gradient using the BR-188 Density Gradient Fractionator 
(Brandel, MD, USA). All fractions were stored at − 80 ◦C for RNA 
isolation and qRT-PCR. 

2.13. Chromatin-immunoprecipitation (CHIP) 

ChIP assay was performed using the Pierce Agarose ChIP Kit (Thermo 
Scientific). Briefly, cells were fixed with 1% formaldehyde and incu-
bated with 1× glycine solution for 5 min at room temperature. Cell 
pellets were lysed in the Lysis Buffer 1 on ice for 10 min and sonicated 
for 15 s. For chromatin digestion, 10 U/μL micrococcal nuclease was 
used. Digested chromatin was incubated with anti-ATF4 (D4B8, CST, 
MA, USA), anti-Nrf2 (ab62352, Abcam), or anti-IgG (ab2410, Abcam) 
antibodies overnight at 4 ◦C and then incubated with protein A/G plus 
agarose for 1 h at 4 ◦C. The CHIPs were incubated with IP elution buffer 
supplemented with 6 μL of 5 M NaCl and 2 μL of 20 mg/mL Proteinase K 
for 40 min at 65 ◦C. The reverse crosslinking of ChIPs was performed 
with a DNA clean-up column and DNA binding buffer. The purified DNA 
was subject to qRT-PCR analysis, and the fold enrichment of a gene 
promoter was calculated by dividing the cycle threshold (Ct) value from 
anti-ATF4 or anti-Nrf2 group by the Ct value from the anti-IgG group. 
PCR primers targeting the core promoter region of a gene are listed in 
Supplementary materials and methods. 

2.14. Gene overexpression 

The pCMV6 vector and pCMV6-GADD34 plasmid were purchased 
from OriGene Technologies (Rockville, MD, USA). The pcDNA3 vector 
and pcDNA3-eIF2αS51A plasmid were gifts from David Ron (Addgene 
plasmid #21808 and #21810, MA, USA). Transient overexpression of 
GADD34 and eIF2αS51A was achieved by the Lipofectamine 3000 
(Thermo Scientific) according to the manufacturer’s instructions. Cells 
were incubated with the plasmid-lipid complex for 72 h before the 
following assays. For MDA-MB-231 and -436 cells, the average trans-
fection efficiency is ~90% by flow cytometry. Stable overexpression of 
eIFα2S51A was achieved by lentiviral particles containing the pLenti-C- 
Myc-DDK-P2A-Puro-eIF2αS51A, assembled by OriGene Technologies. 
Briefly, cells were incubated with lentiviral particles for 18 h in the 
medium containing 8 μg/mL polybrene and then cultured in the lenti-
viral particle-free medium for another 72 h. Puromycin (1 μg/mL) was 
used to select clones with stable eIF2αS51A expression for in vivo ex-
periments. The pLenti vector clone (PS100092V, OriGene Technologies) 
was used as a control. 

2.15. Gene knockdown 

ATF4 knockdown was performed using the Lipofectamine RNAiMAX 
transient transfection reagent (Thermo Scientific) and the combination 
of two Silencer® Select ATF4-specific siRNAs (Assay ID s1702 and 
s1704, Thermo Scientific), as per the manufacturer’s protocol. 
Silencer™ Select Negative Control siRNA (Thermo Scientific) was used 
as a control. After transfection for 72 h, cells were tested for ATF4 
expression and used for the following assays. 

2.16. Cell apoptosis detection 

Apoptosis detection was performed using the Annexin V-FITC 
Apoptosis Detection Kit (Abcam) on the LSR Fortessa™ X-20 flow cy-
tometer (BD Bioscience, NSW, Australia) at the 530/30 and 610/20 
bandpass filters according to the instructions. 

2.17. Mouse xenograft experiments 

Female athymic (nu/nu) BALB/c mice (5 weeks old, 18–20 g) were 
provided by Guangdong Medical Laboratory Animal Center (Guangz-
hou, China) and were housed in a specific pathogen-free (SPF) animal 
facility in the Experimental Animal Center of Sun Yat-sen University 
(Guangzhou, China). All procedures involving mice were approved by 
the Institutional Animal Care and Use Committee of Sun Yat-sen Uni-
versity (IACUC-2020-B0813). After one-week adaption, exponentially 
growing MDA-MB-231-RR cells (7 × 106) stably expressing eIF2αS51A 
or the control vector in 0.2 mL 1 × PBS were subcutaneously injected 
into the right flank of mice to develop xenograft tumors. Tumor size was 
monitored using a caliper and calculated applying the formula: length ×
width2 × 0.5. When the average tumor volume reached 100 mm3, mice 
were randomly divided into 4 groups with 6 mice per group: 1) vector; 
2) eIF2αS51A; 3) vector + local IR; 4) eIF2αS51A + local IR. Local IR 
was given at 2 Gy per day for 5 consecutive days (10 Gy in total). A lead 
shield was used to ensure that only the right flank of each mouse was 
exposed to IR. All mice were euthanized 20 days after IR completion, 
and tumor samples were collected and stored at − 80 ◦C or fixed in 
formalin, respectively, for the following assay. 

2.18. Tissue microarray (TMA) analysis 

TMA slides (Cat# BR1202 and BRN801a) were obtained from US 
Biomax (Rockville, MD, USA), and the pathological information is 
available at www.biomax.us. Immunohistochemical (IHC) staining of 
these paraffinized tissues was performed as described previously [16]. A 
detailed description of methods and Abs is included in Supplementary 
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materials and methods. 

2.19. Bioinformatic analysis 

The annotation and RNA-sequencing data of 2509 BC samples in the 
METABRIC dataset were obtained using the cBioPortal (https://www. 
cbioportal.org). A total of 1904 BC samples with complete clinical in-
formation were sorted from the dataset, and a total of 298 TNBC samples 
were obtained from the dataset, as defined by the ‘negative’ in the fields 
of HER2 status, ER status, and PR status. Gene expression was normal-
ized by GAPDH. The three-gene signature was constructed using GCLC, 

SLC7A11, and CTH, and the risk score of the samples was calculated by 
the sum of individual gene expression multiplied by its Cox regression 
coefficient. The cutoff value used to stratify samples into the high and 
low expression (risk score) groups of a gene (signature) was optimized 
by the X-Tile [18], and the Kaplan-Meier survival curves were generated 
accordingly. The log-rank test was used to compare the survival curves. 

2.20. Statistical analysis 

All data were analyzed using the Prism 9 (GraphPad Software 
Incorporated, USA). The correlation analysis between protein 

Fig. 1. The eIF2α/ATF4 axis is constitutively activated in radioresistant TNBC cells. (A) Venn diagram shows the number of proteins identified from cell 
samples (FDR < 0.01 and unique peptide ≥ 2). The cross-section shows the number of common proteins between two cell lines, while the two sides show the number 
of uniquely expressed proteins. (B) Heatmap shows the hierarchical clustering of differentially expressed proteins (DEPs) (P < 0.05) between radioresistant and 
parental cells. Protein abundance is expressed using the standardized scale ranging from − 2 to 2. High expression of a given protein is marked in red, while low 
expression is marked in green. White represents the intermediate expression. (C) Core functional analysis shows the top ten up-regulated canonical pathways in 
radioresistant cells. (D) Cells were treated with 0 or 4 Gy IR. The protein expression of p-PERK, p-eIF2α, eIF2α, ATF4, and n-ATF4 (nuclear ATF4) was determined by 
WB 24 h after IR. (E) The intracellular distribution of ATF4 (green) in MDA-MB-231 and -231-RR cells treated with 4 Gy IR was determined by IF 24 h after IR, and 
the nucleus was stained with red. Representative IF images are shown at 1000 × magnification. The nucleus/cytoplasm ratio of ATF4 fluorescent signal was 
compared. (F) The expression of ATF4 mRNAs in polysome fractions between radioresistant and parental TNBC cells treated with 4 Gy IR was determined by qRT- 
PCR 24 h after IR. #P < 0.05 vs. parental cells (n = 5). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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expressions was performed with the linear regression, and the correla-
tion coefficient R was calculated. The comparison of the two groups was 
performed using unpaired Student’s t-test, while the comparison of three 
or more groups was achieved using one-way ANOVA with Tukey’s post 
hoc test. Statistical significance was defined by P < 0.05. 

3. Results 

3.1. The eIF2α/ATF4 axis is constitutively activated in radioresistant 
TNBC cells 

The radioresistant TNBC cells were developed using fractional IR and 

confirmed by radiosensitivity assays (Supplementary Fig. 1A). These 
radioresistant cells also showed strong resistance to cisplatin, doxoru-
bicin, and olaparib (Supplementary Fig. 1B-D). Morphologically, radi-
oresistant TNBC cells were flat and swollen and were likely to grow into 
a more compact colony than parental cells (Supplementary Fig. 2A, B). 
This is consistent with the observation that radioresistant TNBC cells 
displayed a lower migrative and invasive potential (Supplementary 
Fig. 2C). Furthermore, the proliferation rate of radioresistant cells was 
lower than their parental cells (Supplementary Fig. 2D). 

In this study, our first objective was to identify critical pathways 
participating in TNBC radioresistance via label-free proteomics. After 
MASCOT searching, a total of 1113, 1018, and 1108 proteins were 

Fig. 2. The eIF2α/ATF4 axis promotes GSH biosynthesis in radioresistant TNBC cells. TNBC cells were treated with 0 or 4 Gy IR. (A) The intracellular level of 
ROS was detected 24 h after IR. (B) Total GSH and GSH/GSSG ratio were detected after 24 h after IR. (C) Heatmap shows the relative mRNA expression of key genes 
involved in GSH metabolism between radioresistant and parental TNBC cells. High expression of a given mRNA is marked in red, while low expression is marked in 
green. Pink represents the intermediate expression. (D) The relative expression of polysome-associated GCLC mRNAs (fraction 7–12) was detected by qRT-PCR 24 h 
after IR. (E) The protein expression of GCLC, CTH, and SLC7A11 in TNBC cells was determined by WB 24 h after IR. (F) Schematic representation of the Nrf2-and 
ATF4-binding sites in human promoter regions of GCLC, CTH, and SLC7A11. The transcription start site (TSS) is assigned the 0 position. Antioxidant responsive 
element (ARE) is the consensus sequence for Nrf2 binding. Active protein-1 binding site (AP-1), cis-regulatory element (CRE), and amino acid response element 
(AARE) are the validated binding sites for ATF4 in human GCLC, CTH, and SLC7A11 genes, respectively. (G) The enrichment of core promoter regions of GCLC, CTH, 
and SLC7A11 with ATF4 or IgG antibody in TNBC cells was analyzed by ChIP-qPCR 24 h after IR. *P < 0.05 and ***P < 0.001 vs. parental cells without IR; #P < 0.05, 
##P < 0.01, and ###P < 0.001 vs. parental cells treated with IR (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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identified from MDA-MB-231, -436, and -468 cell lines, respectively 
(Fig. 1A). A full list of these proteins is shown in Supplementary Table 1. 
The heatmap across differentially expressed proteins (DEPs, FDR- 
adjusted P < 0.05) shows that most proteins were down-regulated in 
radioresistant cells (Fig. 1B). To increase the confidence in pathway 
analysis and correct for multiple testing, only DEPs with log2 fold change 
≥1 and ≤ -1were sent to IPA core analysis (Supplementary Fig. 3A, B). 
The top ten up-regulated and down-regulated pathways in radioresistant 
TNBC cells are shown in Fig. 1C and Supplementary Fig. 3C, respec-
tively. Notably, the eIF2 signaling was among the most up-regulated 

pathway in radioresistant cell lines and was worthy of further investi-
gation (Fig. 1C). 

ISR initiated by eIF2α phosphorylation optimizes cellular responses 
to a wide range of stressors [7], implying that the eIF2 signaling may 
function in cancer radioresistance. To test our hypothesis, we first 
detected the status of eIF2α and found that the level of eIF2α phos-
phorylation in radioresistant TNBC cells was higher than that in parental 
cells, even after IR treatment (Fig. 1D). ATF4 is a crucial effector in 
response to ISR activation [10]. Increased protein expression of total 
ATF4 and nuclear ATF4 (n-ATF4) was also confirmed in radioresistant 

Fig. 3. The high expression of the eIF2α/ATF4 axis is found in human TNBC tissues and is associated with a poor prognosis in TNBC patients. (A) The 
protein level of p-eIF2α, ATF4, GCLC, SLC7A11, and CTH in human normal breast and TNBC tissues was measured by IHC using human TMAs. Representative IHC 
images are shown at 40 × and 200 × magnification. Brown indicates protein staining, while blue represents the nucleus. (B) The average IHC scores of p-eIF2α, ATF4, 
GCLC, SLC7A11, and CTH between normal breast and TNBC tissues were compared. (C) Protein expression correlation in human TNBC tissues was determined using 
correlation analysis based on the IHC score. The positive R-value with a P-value less than 0.05 indicates a significantly positive correlation. (D) The association of 
intratumoral ATF4, GCLC, SLC7A11, or CTH expression with overall survival (OS) status in the patient cohort (n = 298) from the METABRIC dataset was analyzed 
using the Kaplan-Meier method and log-rank test. (E) A three-gene signature was established using GCLC, SLC7A11, and CTH. The association of the risk score of this 
gene signature with OS status in the patient cohort (n = 298) from the METABRIC dataset was analyzed using the Kaplan-Meier method and log-rank test. ***P <
0.001 vs. normal breast tissues (n = 80). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Dephosphorylation of eIF2α abolishes ATF4-mediated GSH biosynthesis in radioresistant TNBC cells. MDA-MB-231-RR and -436-RR cells were 
transfected with eIF2αS51A- and GADD34-overexpression plasmid, respectively, and then treated with 0 or 4 Gy IR. (A) The protein expression of p-eIF2α, eIF2α, 
ATF4, and GCLC was determined by WB 24 h after IR. (B) The expression of ATF4 and GCLC mRNAs in polysome fractions was detected by qRT-PCR 24 h after IR. (C) 
The protein expression of n-ATF4, CTH, and SLC7A11 was determined by WB 24 h after IR. (D) The protein level of ATF4, CTH, and SLC7A11 was detected by IF 24 h 
after IR. The nucleus was stained with blue. Representative IF images are shown at 400 × magnification. (E) The relative mRNA expression of CTH and SLC7A11 was 
detected by qRT-PCR 24 h after IR. (F) The enrichment of the core promoter regions of CTH and SLC7A11 genes with ATF4 or IgG antibody was analyzed by ChIP- 
qPCR 24 h after IR. (G) Total GSH and GSH/GSSG ratio were detected 24 h after IR. (H) The intracellular level of ROS was detected 24 h after IR. *P < 0.05 and ***P 
< 0.001 vs. vector group; #P < 0.05 and ###P < 0.001 vs. vector + IR group (n = 3). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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TNBC cells (Fig. 1D), indicating the activation of ATF4. This finding is 
further supported by the IF assay showing that ATF4 was highly accu-
mulated in the nucleus of MDA-MB-231-RR cells treated with 4 Gy IR 
(Fig. 1E). Previous studies demonstrated that the translation of mRNAs 
containing an uORF could be selectively promoted during ISR [10], we 
thus performed the polysome fractionation assay to detect the alterna-
tion in the translational efficiency of ATF4 mRNA. The results show that 
the translation of ATF4 mRNA was accelerated in radioresistant cells as 
compared to parental cells after IR (Fig. 1F). These results suggest that 
the eIF2α/ATF4 axis is constitutively activated in radioresistant TNBC 
cells and may play an important role in regulating the cellular resistance 
to IR. 

3.2. The eIF2α/ATF4 axis promotes GSH biosynthesis in radioresistant 
TNBC cells 

Intracellular accumulation of ROS is a key mechanism for IR-induced 
cell death [19]. Results from ROS detection show that there was a much 
lower ROS accumulation in radioresistant TNBC cells after IR (Fig. 2A). 
GSH is a direct and critical scavenger for ROS and may affect 

radiosensitivity [20]. We thus detected intracellular glutathione and 
found that radioresistant TNBC cells had a much higher GSH/GSSG 
ratio, as well as a higher level of total GSH, than parental cells in both IR 
and non-IR conditions (Fig. 2B). Inhibition of GSH synthesis sensitized 
these TNBC cells to IR (Supplementary Fig. 4), suggesting that GSH 
function is essential for maintaining the radioresistant phenotype of 
TNBC. 

To gain insights into the relationship between ISR and GSH, we 
analyzed the expression of key genes involved in glutathione meta-
bolism [21]. We found that genes involved in cysteine uptake and syn-
thesis [solute carrier family 7 member 11 (SLC7A11) and 
cystathionine-γ-lyase (CTH)], GSH synthesis [glutamate-cysteine ligase 
catalytic subunit (GCLC)], glutamate uptake [solute carrier family 1 
member 4 (SLC1A4) and solute carrier family 1 member 5 (SLC1A5)], 
and NADPH generation [malic enzyme 1 (ME1) and isocitrate dehy-
drogenase (IDH1)] were up-regulated in radioresistant cells (Fig. 2C). 
Besides, the mRNAs of GCLC were shown to contain an uORF and hence 
may be translationally regulated by the ISR [13]. In this study, we found 
that the translational efficiency of GCLC mRNA was significantly 
increased in MDA-MB-231-RR and -436-RR cells regardless of IR 

Fig. 5. Dephosphorylation of eIF2α sensitizes radioresistant TNBC cells to IR. MDA-MB-231-RR and − 436-RR cells were transfected with eIF2αS51A- and 
GADD34-overexpression plasmid, respectively, and then treated with 0 or 4 Gy IR. (A) Cells were cultured for colony formation after IR. Colonies were stained after 
9–14 days and the number was compared. (B) Cell apoptosis was detected by flow cytometry 24 h after IR. (C) The protein expression of cleaved PARP1, cleaved 
caspase-3, and cleaved caspase-9 was detected by WB 24 h after IR. ###P < 0.001 vs. vector + IR group (n = 3). 
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(Fig. 2D). Subsequently, we confirmed that GCLC, CTH, and SLC7A11 
were highly expressed in radioresistant cells at the protein level as 
compared to parental cells (Fig. 2E), demonstrating that GSH biosyn-
thesis is promoted in radioresistant TNBC cells. 

Both ATF4 and nuclear factor erythroid-2-related factor 2 (Nrf2) 
were identified as transcriptional activators for human GCLC [22,23], 

CTH [24,25], and SLC7A11 [14,26] (Fig. 2F), yet their roles in regu-
lating TNBC radioresistance are poorly understood. To that end, we 
determined Nrf2 status in our cell models. However, we did not detect 
an up-regulation of total or nuclear Nrf2 protein in radioresistant TNBC 
cells compared with parental cells, though an increase in nuclear Nrf2 
was observed, upon the IR, in both cell lines (Supplementary Fig. 5A). 

Fig. 6. Dephosphorylation of eIF2α sensitizes radioresistant TNBC xenografts to IR in vivo. (A) Mice bearing tumor xenografts developed from vector- or 
eIF2αS51A-overexpressing MDA-MB-231-RR cells were treated with local IR (2 Gy per day for 5 days, 10 Gy in total) or sham radiation. Tumor size was monitored 
every 4 days, and the tumor weight was measured at the end of the experiment. (B) The protein expression of p-eIF2α, eIF2α, and ATF4 in tumor xenografts was 
compared by WB. (C) The histopathological examination of tumor xenograft tissues was performed using the HE stain. Representative HE staining images are shown 
at 200 × magnification. (D) The protein level of Ki-67, cleaved caspase-3, GCLC, SLC7A11, and CTH in tumor xenografts was detected by IHC. Representative IHC 
images are shown at 200 × magnification. **P < 0.05 vs. vector group; ###P < 0.001 vs. vector + local IR group (n = 6). 
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Next, we performed CHIP assays to detect the binding activity of ATF4 
or Nrf2 to their core promoter regions. The results show that more ATF4 
accumulated in the promoter regions of GCLC, CTH, and SLC7A11 in 
radioresistant TNBC cells at the baseline level compared with parental 
cells, and similar results were observed after 4 Gy IR (Fig. 2G). In 

contrast, no further enrichment of Nrf2 in the promoter regions of GCLC, 
SLC7A11, and CTH was found in radioresistant TNBC cells compared 
with parental cells, though it was stimulated by IR (Supplementary 
Fig. 5B). These results suggest that ATF4 may be associated with an 
acquired up-regulation of GSH in radioresistant TNBC cells. 

Fig. 7. ISR causes radioresistance in TNBC cells by promoting GSH biosynthesis. MDA-MB-231 and -436 cells were treated with 0 or 40 μM salubrinal for 48 h 
and then treated with 0 or 4 Gy IR. (A) The protein expression of p-eIF2α, eIF2α, ATF4, CTH, and SLC7A11 was detected by WB 24 h after IR. (B–C) The relative 
expression of total mRNAs and polysome-associated (fraction 7–12) mRNAs of ATF4 and GCLC was detected by qRT-PCR 24 h after IR. (D) The mRNA expression of 
CTH and SLC7A11 was detected by qRT-PCR 24 h after IR. (E) The enrichment of the core promoter regions of CTH and SLC7A11 genes with ATF4 or IgG antibody 
was analyzed by ChIP-qPCR 24 h after IR. (F) Total GSH and GSH/GSSG ratio were determined 24 h after IR. (G) The intracellular level of ROS was detected 24 h 
after IR. (H) The radiosensitivity of TNBC cells was evaluated by colony formation assays. The colony numbers were compared and representative images are shown. 
*P < 0.05, **P < 0.01, and ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. control + IR group (n = 3). 
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3.3. The high expression of the eIF2α/ATF4 axis is found in human TNBC 
tissues and is associated with a poor prognosis 

To further determine the importance of the eIF2α/ATF4 axis in 
TNBC, we analyzed the expression of the eIF2α/ATF4 signaling and its 
target genes in normal breast and TNBC tissues using human TMAs. The 
IHC results show that the protein expression of p-eIF2α, ATF4, GCLC, 
CTH, and SLC7A11 in TNBC tissues was much higher than that in normal 
breast tissues (Fig. 3A, B). To verify if the protein expression of GCLC, 
SLC7A11, and CTH is linked with the activation of the eIF2α/ATF4 axis 
in TNBC, the correlation analysis on protein expression was performed 
using the IHC score. The results confirmed a correlation between p-eIF2α 
and ATF4/GCLC, and the expression of ATF4 was shown to be associated 
with CTH and SLC7A11 but not with GCLC (Fig. 3C). Next, we explored 
the clinical significance of the ATF4 signaling using a TNBC patient 
cohort from the METABRIC database. We found that the high intra-
tumoral expression of ATF4, SLC7A11, and CTH was associated with a 
lower overall survival (OS) rate in TNBC patients (Fig. 3D). Moreover, a 
higher risk score of the three-gene (GCLC, SLC7A11, and CTH) signature 
was correlated to a worse OS in the patients (Fig. 3E). These data suggest 
that the activation of ATF4 signaling predicts a poor prognosis in TNBC. 

3.4. Dephosphorylation of eIF2α abolishes ATF4-mediated GSH 
biosynthesis in radioresistant TNBC cells 

The eIF2αS51A (Ser-51-Ala mutation) is a dominant-negative eIF2α 
allele that can function as eIF2α but prevent the phosphorylation of 
eIF2α on Ser51, while GADD34 (growth arrest and DNA damage- 
inducible protein) can direct protein phosphatase 1 to dephosphory-
late eIF2α. By overexpressing eIF2αS51A and GADD34 in MDA-MB-231- 
RR and -436-RR cells, respectively, we investigated the role of eIF2α in 
regulating ATF4 and downstream gene expression in TNBC. 

As shown in Fig. 4A, eIF2αS51A or GADD34 overexpression was 
sufficient to down-regulate p-eIF2α in radioresistant cells, as well as the 
protein level of ATF4 and GCLC (Fig. 4A). The mRNA analysis with 
enriched polysome fractions shows that ATF4 and GCLC mRNAs shifted 
from heavy ribopolysomes into light ones in eIF2αS51A-overexpressed 
MDA-MB-231-RR cells as compared to the vector cells, and the level of 
mRNAs associated with 7–12 polysomes was significantly decreased 
(Fig. 4B). Similar results were also obtained from GADD34- 
overexpressed MDA-MB-436-RR cells (Fig. 4B), suggesting that ATF4 
and GCLC protein expression are, at least partially, regulated by eIF2α at 
the translational level. Furthermore, we found that the overexpression of 
eIF2αS51A or GADD34 reduced the baseline and IR-induced protein 
expression of n-ATF4, CTH, and SLC7A11 in radioresistant TNBC cells 
(Fig. 4C). Results from the IF assay show that eIF2αS51A overexpression 
decreased the protein expression of ATF4, CTH, and SLC7A11 in MDA- 
MB-231-RR cells treated with 0 or 4 Gy IR (Fig. 4D). Consistently, 
eIF2αS51A or GADD34 overexpression significantly down-regulated 
baseline and IR-induced mRNA expression of CTH and SLC7A11 in 
radioresistant TNBC cells (Fig. 4E). Also, they reduced ATF4 accumu-
lation on the promoter regions of CTH and SLC7A11 (Fig. 4F). Gluta-
thione detection shows that both total GSH and GSH/GSSG ratio were 
significantly decreased by eIF2α dephosphorylation in radioresistant 
TNBC cells treated with 0 or 4 Gy IR (Fig. 4G). Results from ROS 
detection show that eIF2αS51A or GADD34 overexpression significantly 
increased IR-induced ROS accumulation in radioresistant TNBC cells 
(Fig. 4H). Collectively, these data suggest that eIF2α phosphorylation is 
critical in regulating ATF4 transcriptional activation and GSH biosyn-
thesis in radioresistant TNBC cells. 

3.5. Dephosphorylation of eIF2α sensitizes radioresistant TNBC to IR in 
vitro and in vivo 

We next explored whether dephosphorylation of eIF2α could reverse 
the radioresistance of TNBC. Colony formation assays show that 

eIF2αS51A and GADD34 overexpression significantly decreased the 
survival rate of MDA-MB-231-RR and -436-RR cells treated with 4 Gy IR, 
respectively (Fig. 5A). Moreover, eIF2α dephosphorylation sensitized 
MDA-MB-231-RR and -436-RR cells to cisplatin, doxorubicin, and ola-
parib (Supplementary Fig. 6A), and a similar result was also obtained by 
directly inhibiting GSH synthesis (Supplementary Fig. 6B), suggesting 
that ISR might play a role in TNBC resistance to cytotoxics through 
regulating GSH. Flow cytometry analysis shows that eIF2αS51A or 
GADD34 overexpression dramatically increased the percentage of 
apoptotic cells caused by 4 Gy IR as compared to the vector group 
(Fig. 5B). To further validate these results, we also detected pro- 
apoptosis proteins and found that eIF2αS51A or GADD34 over-
expression significantly increased the protein expression of cleaved poly 
(ADP-ribose) polymerase 1 (PARP1), caspase-3, and caspase-9 in radi-
oresistant cells exposed to 4 Gy IR (Fig. 5C). 

Subsequently, we further assessed the radiosensitizing effect of eIF2α 
dephosphorylation in mice bearing subcutaneous xenograft of MDA-MB- 
231-RR cells. We found that, compared with the vector group, 
eIF2αS51A overexpression exerted no impact on tumor growth but 
resulted in a greater shrinkage in tumor size and a significant decrease in 
tumor weight in combination with local IR (Fig. 6A). Thereafter, we 
confirmed that the eIF2α/ATF4 axis was inhibited in eIF2αS51A-over-
expressed xenografts using WB analysis (Fig. 6B). Furthermore, we 
found that, compared with IR alone, combinatorial eIF2α dephosphor-
ylation obviously increased tumor cell apoptosis, as shown by the HE 
staining (Fig. 6C). The eIF2α dephosphorylation also decreased intra-
tumoral expression of Ki-67, GCLC, SLC7A11, and CTH and increased IR- 
induced expression of active caspase-3 (Fig. 6D). These results suggest 
that dephosphorylation of eIF2α can increase the radiosensitivity of 
TNBC in vitro and in vivo. 

3.6. The ISR causes radioresistance in TNBC cells by promoting GSH 
biosynthesis 

In this study, we further investigated the role of the ISR in promoting 
TNBC radioresistance by using salubrinal, a selective inhibitor of eIF2α 
phosphatase, to trigger eIF2α phosphorylation in parental MDA-MB-231 
and -436 cells. As shown in Supplementary Fig. 7, treatment with 40 or 
80 μM salubrinal for 24 h did not exert a cytotoxic effect on cell viability 
but significantly increased the eIF2α phosphorylation level in MDA-MB- 
231 cells; thus, a concentration of 40 μM was selected for the following 
study. 

Through WB analysis, we found that treatment with 40 μM salubrinal 
significantly increased the protein expression of p-eIF2α, ATF4, GCLC, 
CTH, and SLC7A11 in MDA-MB-231 and -436 cells as compared to the 
control group (Fig. 7A). Polysome fractionation assays show that salu-
brinal markedly increased the translational efficiency of ATF4 and GCLC 
mRNAs in TNBC cells (Fig. 7B, C). Furthermore, the mRNA expression of 
CTH and SLC7A11 was also increased by salubrinal (Fig. 7D). This is 
consistent with the CHIP results showing that the binding of ATF4 to the 
core promoter regions of CTH and SLC7A11 was increased by salubrinal 
(Fig. 7E). Glutathione detection shows that treatment with 40 μM 
salubrinal could effectively up-regulate total GSH level and GSH/GSSG 
ratio and suppress IR-induced ROS accumulation in MDA-MB-231 and 
-436 cells (Fig. 7F, G). Compared with the control groups, treatment 
with salubrinal significantly increased the survival rate of MDA-MB-231 
and -436 cells after IR (Fig. 7H), demonstrating that ISR can protect 
TNBC cells from IR-induced cell death by promoting GSH biosynthesis. 

3.7. ATF4 mediates ISR-induced radioresistance in TNBC cells 

To elucidate the role of ATF4 in ISR-promoted radioresistance in 
TNBC, we used ATF4-specific siRNAs (si-ATF4) to knock down the 
protein expression of ATF4 and this is performed in two ways. The one is 
that we knocked down ATF4 protein in MDA-MB-231 cells and then 
treated these cells with 40 μM salubrinal, followed by 0 or 4 Gy IR, and 
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Fig. 8. ATF4 mediates ISR-induced radioresistance in TNBC cells. MDA-MB-231 cells were transfected with si-ATF4 or si-control for 72 h and then treated with 
40 μM salubrinal for 48 h before 0 or 4 Gy IR. MDA-MB-231-RR cells were transfected with si-ATF4 or si-control for 72 h and then treated with 0 or 4 Gy IR. (A) The 
protein expression of p-eIF2α, eIF2α, ATF4, CTH, and SLC7A11 was detected by WB 24 h after IR. (B) The protein level of ATF4, CTH, and SLC7A11 in MDA-MB-231- 
RR cells was detected by IF 24 h after IR. The nucleus was stained with blue. Representative IF images are shown at 400 × magnification. (C) The relative mRNA 
expression of CTH and SLC7A11 was detected by qRT-PCR 24 h after IR. (D) Total GSH and GSH/GSSG ratio were determined 24 h after IR. (E) The intracellular level 
of ROS was detected 24 h after IR. (F–G) Cell radiosensitivity was evaluated using colony formation assays. The colony numbers were compared and representative 
images are shown. (H) Cell apoptosis was detected by flow cytometry 24 h after IR. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. si-control group; #P < 0.05 and ###P 
< 0.001 vs. si-control + IR group (n = 3). (I) The schematic of the eIF2α/ATF4-mediated mechanism underlying TNBC radioresistance. In normal conditions, the 
eIF2β catalyzes the exchange of inactive eIF2α-GDP to active eIF2α-GTP, which promotes the release of eIF2β and the formation of a ternary complex. The process 
plays an important role in the initiation of 5′cap-dependent mRNA translation. In the radioresistant condition, constitutive phosphorylation of eIF2α at ser51 by 
activated PERK blocks the release of eIF2β and results in the global inhibition of 5′cap-dependent protein synthesis while selectively promotes the translation of 
uORF-containing mRNAs such as those of ATF4 and GCLC. This facilitates the transactivation of ATF4 and up-regulates the protein expression of GCLC, CTH, and 
SLC7A11, which increases GSH biosynthetic and ROS scavenging efficiency, leading to a radioresistant phenotype in TNBC cells. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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the other way is that we performed the knock-down assay in MDA-MB- 
231-RR cells and then directly treated these cells with 0 or 4 Gy IR. 

As shown in Fig. 8A, si-ATF4 transfection significantly decreased the 
protein expression of CTH and SLC7A11 in salubrinal-treated MDA-MB- 
231 cells and MDA-MB-231-RR cells with or without IR. Consistent re-
sults were also observed from the IF assay in MDA-MB-231-RR cells 
(Fig. 8B). The qRT-PCR analysis shows that si-ATF4 markedly decreased 
the mRNA expression of CTH and SLC7A11 in salubrinal-treated MDA- 
MB-231 cells and MDA-MB-231-RR cells (Fig. 8C). Further investigation 
shows that ATF4 knockdown significantly reduced total GSH and GSH/ 
GSSG ratio and increased IR-induced ROS accumulation in salubrinal- 
treated MDA-MB-231 cells and MDA-MB-231-RR cells (Fig. 8D, E). 
Furthermore, colony formation assays show that ATF4 knockdown 
significantly increased the sensitivity of salubrinal-treated MDA-MB- 
231 cells and MDA-MB-231-RR cells to IR (Fig. 8F, G). Consistently, flow 
cytometry analysis shows that si-ATF4 significantly increased the per-
centage of apoptotic cells in MDA-MB-231-RR cells after 4 Gy IR as 
compared to the si-control group (Fig. 8H). Besides, ATF4 knockdown 
also increased the sensitivity of MDA-MB-231-RR cells to cisplatin, 
doxorubicin, and olaparib (Supplementary Fig. 4C). These results sug-
gest an essential role of ATF4 in mediating ISR-promoted GSH biosyn-
thesis and radioresistance in TNBC. 

4. Discussion 

Recurrent TNBC after RT leads to lethal distant metastasis and a poor 
response to follow-up treatment [4,5], as evidenced by the 
cross-resistance to conventional chemotherapy and novel targeted 
therapy, suggesting that radioresistance is a major challenge in TNBC 
treatment. Proteomics is a high-throughput screen method to investigate 
pathway enrichment in biological samples, which provides a direct 
profile of protein expression with signaling networks for disease 
biomarker discovery [27]. Using proteomics, we firstly demonstrated 
that ISR was initiated with the activation of the eIF2α/ATF4 axis and 
global inhibition of protein synthesis in radioresistant TNBC cells. The 
proposed role of the eIF2α/ATF4 axis in TNBC radioresistance is illus-
trated in Fig. 8I. 

Cellular ISR constitutes a primary protective mechanism that allows 
stressed cells to survive by inhibiting the global translation and re- 
structuring cell transcriptome into recuperating from stress [28]. The 
protein kinase R-like endoplasmic reticulum kinase (PERK) is one of the 
most crucial sensors that trigger the ISR by phosphorylating eIF2α. 
Previous studies demonstrated that IR could induce the accumulation of 
misfolded or unfolded proteins in the endoplasmic reticulum and sub-
sequently activate PERK [29,30]. Consistently, our results documented 
an up-regulation of p-PERK in radioresistant TNBC cells, suggesting that 
IR may induce ISR in TNBC cells through unfolded protein response. 
ATF4 is a member of the ATF/cyclic AMP response element-binding 
protein subfamily of the basic leucine zipper transcription factor su-
perfamily [31], which regulates amino acid metabolism, resistance to 
oxidative stress, and cellular fate as a mediator to ISR [10]. The two 
uORFs in ATF4 mRNAs allow them to be translated by the 43S 
pre-initiation complex during ISR in an eIF2α-dependent manner [32], 
and consistent results were observed in our study. Further, we used 
salubrinal, a specific eIF2α phosphatase inhibitor that can mimic the ISR 
activation, to investigate the role of the ISR in TNBC radioresistance and 
found that salubrinal protected parental TNBC cells against IR-induced 
apoptosis, demonstrating that ISR is an important mechanism underly-
ing TNBC radioresistance. 

Although persistent and severe stress is likely to cause cell death, 
surviving cells may develop an adaptive oxidative stress resistance [33]. 
Activation of antioxidative signaling cascades has been proposed to 
explain the cancer adaption to stressful conditions, in our case, radia-
tion, and escape from treatment-induced growth inhibition and 
apoptosis [34,35]. In this study, we showed evidence of an acquired 
enhancement in antioxidant capacity due to up-regulated GSH 

biosynthesis in radioresistant TNBC cells. These data are in accordance 
with a metabolite profiling study which revealed that GSH biosynthetic 
pathway might be a therapeutic target for TNBC [36]. Looking at 
downstream, GCLC is a rate-limiting GSH synthesis enzyme. SLC7A11 is 
an essential precursor for GSH synthesis, while CTH is responsible for 
the synthesis of cysteine which is an essential component for GSH. ATF4 
can regulate the transcription of GCLC and SLC7A11 by binding to the 
AP-1 site [23] and amino acid response element [14], respectively, and 
regulate CTH by binding to a cis-regulatory intronic element [24]. 
Through CHIP-qRT-PCR analysis, we demonstrated that these genes 
were transcriptionally activated by ATF4 in TNBC radioresistance, 
highlighting the role of ATF4 as a mediator between ISR and enhanced 
GSH biosynthesis in TNBC cells. 

The promoter regions of GCLC, SLC7A11, and CTH also contain an 
antioxidant response element (ARE) sequence, which makes them target 
genes of Nrf2 [22,25,26]. Similar to ATF4, Nrf2 regulates a variety of 
detoxification and cytoprotective enzymes by binding to the ARE region 
and plays a critical role in maintaining cellular redox homeostasis. The 
protective role of Nrf2 against cytotoxics-induced oxidative stress and 
apoptosis is well established [37]. Moreover, McDonald et al. [38] and 
Bailleul et al. [39] found that Nrf2 activation mediates radioresistance in 
mouse embryonic fibroblasts and human pancreatic cancer. Notably in 
our study, nuclear Nrf2 expression, as well as the transcriptional activity 
of Nrf2, was up-regulated in both radioresistant and parental TNBC cells 
in response to IR, implying a potential role of Nrf2 against IR-induced 
oxidative stress [40]. Although our evidence did not support the asso-
ciation of the Nrf2/ARE signaling with an acquired up-regulation of GSH 
biosynthesis in radioresistant TNBC cells, the role of Nrf2 in TNBC 
radioresistance still deserves further investigation. 

Additionally, it is noteworthy to mention that there is a common 
molecular feature of the three TNBC cell lines used in this study that they 
all carry TP53 missense mutations. These mutations impair the tumor- 
suppressive nature of the p53 pathway due to the loss of control in 
cell proliferation and death and cause “gain-of-function” properties in 
BC, including pro-survival [41], metastasis [42], and eventually radio-
resistance [43], through activating various oncogenic signalings. As 
TP53 mutations are highly prevalent in TNBC patients (found in 80% of 
tumors) and may represent an important mechanism of inherent ther-
apeutic resistance [44], further studies are warranted to elucidate the 
relationship between the mutant p53 and eIF2α/ATF4 axis in TNBC 
radioresistance. 

In this study, we firstly showed a significant correlation of the eIF2α/ 
ATF4 axis genes with a poor prognosis in TNBC patients. Further 
retrospective and prospective studies are thus needed to validate them 
as potential biomarkers for the prediction of patient outcomes. Addi-
tionally, the results from our in vivo assay highlight the therapeutic 
potential of eIF2α/ATF4 interference as a radiosensitizing strategy. 

In conclusion, our results clearly demosntrate that the constitutive 
activation of ISR in TNBC cells induces an ATF4-mediated transcription 
of genes involved in GSH biosynthesis. This leads to an increase in 
intracellular GSH synthesis and ROS scavenging, protecting TNBC cells 
from IR-induced apoptosis. These findings provide a better under-
standing of the role of the eIF2α/ATF4 axis in TNBC therapeutic resis-
tance and may enable new targeted therapeutic strategies for the 
treatment of recurrent TNBC. 
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