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Inhibition of IRE1a Kinase increases ferroptosis resistance
in triple-negative breast cancer cells
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Abstract. Ferroptosis is a regulated form of cell death that
serves a pivotal role in tumor suppression. Whilst the ribo-
nuclease activity of inositol-requiring enzyme la (IREla)
is associated with the regulation of ferroptosis, the potential
involvement of its kinase domain in this process remains
elusive. Thus, the present study aimed to investigate the specific
role of the IREla kinase domain in regulating ferroptosis in
breast cancer, particularly in the triple-negative breast cancer
(TNBC) subtype. To this end, it employed a combination of
bioinformatic analysis of clinical datasets, pharmacological
inhibition of IREla kinase and genetic overexpression models
in TNBC cell lines. The present study demonstrated that
endoplasmic reticulum to nucleus signaling 1 (ERN1; the
gene encoding IREla) was significantly downregulated in
breast cancer compared with that in normal tissues, and that
lower ERNI levels were associated with a worse prognosis
of patients with breast cancer. This association persisted in
human epidermal growth factor receptor 2-positive and TNBC
subtypes. In TNBC, IREla kinase inhibitors (APY29 and
sunitinib) markedly inhibited ferroptosis induced by system
Xc’ inhibition. Moreover, by constructing overexpression
models of wild-type IREla (IRE1a-WT) and a kinase-dead
mutant (IRE1a-K599A), it was demonstrated that IRE1la-WT
overexpression significantly enhanced sensitivity to ferrop-
tosis, whereas the kinase-dead mutant had no significant
effect. Mechanistically, IREla kinase inhibition upregulated
solute carrier family 7 member 11 (also known as xCT)
expression and promoted glutathione (GSH) synthesis, thereby
suppressing ferroptosis. Collectively, the present study reveals
a new function of IREla kinase in the regulation of ferrop-
tosis, highlighting the critical regulatory role of the IREla
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kinase-xCT-GSH axis in ferroptosis in TNBC. Thus, IREla
kinase may have potential as a therapeutic target.

Introduction

Ferroptosis, as a novel form of regulated cell death, has
emerged as a promising therapeutic target in cancer treat-
ment. It not only effectively suppresses tumor growth, but also
reverses cancer cell resistance to conventional therapies (1).
The combined application of ferroptosis inducers with stan-
dard treatments (such as radiotherapy and immunotherapy)
can markedly enhance the antitumor efficacy and reduce the
risk of recurrence (2). Notably, despite their strong resistance
to traditional therapies, highly aggressive mesenchymal-like
cancer cells exhibit exceptional vulnerability to ferroptosis (3).
Therefore, targeting ferroptosis may provide new therapeutic
opportunities for the treatment of cancer.

Breast cancer is the most common malignant tumor among
women worldwide, with an estimated 2.3 million new cases
diagnosed in 2022 (4). Among these, TNBC is attracting
increasing attention due to its distinct molecular characteris-
tics and high aggressiveness (3). TNBC is characterized by
the absence of estrogen receptor, progesterone receptor and
human epidermal growth factor receptor 2 (HER2), rendering
it insensitive to conventional endocrine therapy (5). Patients
with TNBC generally have a poorer prognosis, with a 5-year
survival rate of approximately 77%, compared with 93%
for hormone receptor-positive breast cancers (6). Moreover,
compared with other breast cancer subtypes, TNBC exhibits
greater susceptibility to ferroptosis inducers (7). Ferroptosis is
currently being investigated as a potential therapeutic approach
for breast cancer (3,7). Therefore, exploring the regulatory
mechanisms of ferroptosis and identifying novel therapeutic
targets may provide more effective treatment strategies for
TNBC.

Inositol-requiring enzyme la (IREla) is an endoplasmic
reticulum (ER)-resident protein that serves a crucial role in
the unfolded protein response (UPR) (8). It contains both
kinase and ribonuclease (RNase) domains and is involved
in several pathophysiological processes, including immune
responses, cell death regulation and neurodegenerative
diseases (9,10). Previous research has reported that the RNase
activity of IREla enhances the sensitivity of TNBC cells to
ferroptosis (11). However, whether the kinase activity of IREla
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contributes to the regulation of ferroptosis in TNBC remains
unclear.

Therefore, the present study aimed to analyze the asso-
ciation between IREla and breast cancer progression using
existing datasets. Moreover, through pharmacological inhi-
bition and genetic manipulation, the present study aimed to
investigate the antitumor effects of IREla kinase in TNBC
cells and explore its underlying molecular mechanisms of
action. The findings of the present study may deepen the
current understanding of the role of ferroptosis in TNBC and
indicate novel therapeutic targets for future research.

Materials and methods

Reagents and assay kit. Erastin (cat. no. S7242),
RAS-selective lethal 3 (RSL3; cat. no. S8155), ML162
(cat. no. S4452), sulfasalazine (SAS; cat. no. S1576), APY29
(cat. no. S6623), sunitinib (cat. no. S7781) and IREla
kinase-inhibiting RNase attenuator (KIRA6; cat. no. S8658)
were purchased from Selleck Chemicals. L-Glutamic acid
(glutamate; cat. no. G8415), L-Cystine (cat. no. C7602),
L-Methionine (cat. no. M5308) and L-Glutamine
(cat. no. G8540) were purchased from Sigma-Aldrich
(Merck KGaA). Lipofectamine® 3000 Transfection
Reagent (cat. no. L3000015), 0.25% Trypsin-EDTA
(cat. no. 25200056), Hank's Balanced Salt Solution (HBSS;
cat. no. 14175095), Opti-MEM™ (cat. no. 11058021),
cystine-deficient DMEM (cat. no. 21013024), BODIPY™
581/591 CI11 (cat. no. D3861), TRIzol® reagent
(cat. no. 15596018) and the SuperScript™ IV First-Strand
Synthesis System Kit (cat. no. 18091050) were purchased
from Thermo Fisher Scientific, Inc. Unless specified, the
rest of the reagents used were purchased from Beyotime
Biotechnology.

Cell line and culture conditions. The MDA-MB-231
(cat. no. SCSP-5043), MDA-MB-468 (cat. no. SCSP-5053),4T1
(cat. no. SCSP-5056) and HT1080 (cat. no. TCHu170) cell lines
were purchased from The Cell Bank of Type Culture Collection
of The Chinese Academy of Sciences. All cells were cultured
under standard conditions in DMEM supplemented with 10%
fetal bovine serum (catalog no. SFBE; NATOCOR,) and main-
tained in a humidified incubator at 37°C with 5% CO,. The
medium was replaced with fresh medium every 3 days. Upon
reaching 80-90% confluency, the cells were passaged using
0.25% trypsin-EDTA solution to maintain optimal growth
conditions.

Cell viability assay. The aforementioned cell lines
(MDA-MB-231, MDA-MB-468, 4T1 and HT1080) were
seeded in 96-well plates (3,000 cells/well). After plating, cells
were treated with the indicated compounds (Erastin, RSL3,
ML162, SAS, glutamate, APY?29, sunitinib and KIRA6) at the
concentrations detailed in the corresponding figures. After
24 h of treatment at 37°C, the culture medium was replaced
with a mixture of serum-free medium and Cell Counting Kit-8
reagent (cat. no. 96992; MilliporeSigma) at a 9:1 ratio, followed
by incubation at 37°C for 2 h. Cell viability was assessed by
measuring the optical density at 450 nm, and the data were
normalized to the control group, as previously described (12).

Assessment of lipid peroxidation with BODIPY and malondi-
aldehyde (MDA). Intracellular lipid reactive oxygen species
(ROS) were measured using flow cytometry, as previously
described (13). A total of 100,000 MDA-MB-231 cells were
seeded per well in a 6-well plate. After 6 h of treatment with
the indicated compounds (erastin, 2 yM; SAS, 1 mM; gluta-
mate, 20 mM; APY?29, 200 nM) at 37°C, cells were harvested,
washed with PBS and incubated with 1 uM BODIPY 581/591
C11 in serum-free medium for 30 min at 37°C. Cells were then
resuspended in 500 x1 HBSS and filtered through a 40-ym
cell strainer (BD Biosciences). Flow cytometry analysis was
immediately performed using an LSRFortessa instrument
(BD Biosciences) with a 488 nm laser. Fluorescence signals
from both unoxidized (PE channel) and oxidized (FITC
channel) C11 were monitored. The ratio of the mean fluores-
cence intensity of FITC to PE was calculated. Data analysis
was performed using FlowJo v10 software (BD Biosciences).

Cellular MDA levels were assessed using a Lipid
Peroxidation Assay Kit (cat. no. ab233471; Abcam), as
previously described (14). Briefly, cells were treated with
compounds (Erastin, 2 uM; SAS, 1 mM; glutamate, 20 mM;
APY29,200 nM) for 12 h at 37°C. Samples and the MDA color
reagent were added to the wells and incubated for 20 min at
room temperature. Following this, the reaction solution was
introduced, and the mix was incubated for 60 min at room
temperature. The resulting product was subsequently assessed
at 695 nm using an absorbance microplate reader.

Intracellular glutathione (GSH) assay. MDA-MB-231,
MDA-MB-468, and 4T1 cells were treated with compounds
(Erastin, 2 uM; SAS, 1 mM; glutamate, 20 mM; APY29,
200 nM) for 24 h at 37°C and then harvested. GSH was assayed
using the GSH and GSSG Assay Kit (cat. no. S0053; Beyotime
Biotechnology), as previously described (15). Briefly, cells
were washed with ice-cold PBS, harvested and resuspended
in three volumes of Protein Removal Reagent M solution.
Cell samples were subjected to two rapid freeze-thaw cycles
by alternating between liquid nitrogen and a 37°C water bath.
The corresponding assay reagents were added to the appro-
priate amount of cell sample. After 25 min, absorbance was
measured at 412 nm using a microplate reader. GSH content
was then calculated based on a standard curve.

Cystine restriction treatment. The restricted medium was
prepared by supplementing glutamine-, methionine- and
cystine-deficient DMEM with 4 mM glutamine, 200 xM
methionine and 10% fetal bovine serum, as previously
described (16). For media with specific cystine concentrations,
L-cystine was added to this base restricted medium. Prior to
the experiments, cells were washed three times with ice-cold
PBS to remove residual cystine and then cultured in the
cystine-restricted medium. All subsequent assays, including
lipid peroxidation and intracellular GSH measurement, were
performed under a cystine-restricted condition of 50 #M.

Western blotting. MDA-MB-231, MDA-MB-468, and
4T1 cells were harvested and washed twice with ice cold
PBS. Cells were then lysed on ice using RIPA lysis buffer
(cat. no. PO013; Beyotime Biotechnology) containing
the protease inhibitor PMSF (cat. no. ST507; Beyotime
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Biotechnology). Protein samples were quantified using a BCA
protein concentration assay kit (cat. no. PO011; Beyotime
Biotechnology). Equal amounts of protein (20 ug per lane)
were separated using 4-20% SDS-PAGE and transferred to
PVDF membranes using wet blotting. To reduce nonspecific
binding, the membranes were blocked with 5% skim milk
for 1 h at room temperature, followed by incubation with
the corresponding primary antibodies overnight at 4°C
with gentle shaking. The following day, the membranes
were washed five times with TBST buffer (containing 0.1%
Tween-20) for 5 min each and then incubated with horse-
radish peroxidase-conjugated secondary antibodies: Goat
Anti-Mouse IgG (1:5,000; cat. no. ab205719; Abcam) and
Goat Anti-Rabbit IgG (1:5,000; cat. no. ab205718; Abcam)
at 30°C for 2 h. After washing three times with TBST
(containing 0.1% Tween-20), the membranes were developed
using an enhanced chemiluminescence detection reagent
(cat. no. P10300; NCM Biotech, China) and images were
captured using a ChemiScope 6100 Chemiluminescence
Imaging System (CLiNX Science Instruments Co., Ltd.).
Finally, grayscale analysis of target bands was performed
using Image] software (vl1.53a; National Institutes of
Health). The primary antibodies used in this experiment
were as follows: glutathione peroxidase 4 (GPX4; 1:5,000;
cat. no. ab125066; Abcam), acyl-CoA synthetase long chain
family member 4 (ACSL4; 1:5,000; cat. no. ab155282;
Abcam), IREla (1:1,000; cat. no. 3294T; Cell Signaling
Technology, Inc.), solute carrier family 7 member 11
(SLC7A11; also known as xCT; 1:1,000; cat. no. 12691T; Cell
Signaling Technology, Inc.), and the internal controls (3-actin
(1:1,000; cat. no. sc-47778; Santa Cruz Biotechnology,
Inc.) and GAPDH (1:1,000; cat. no. 2118T; Cell Signaling
Technology, Inc.).

Establishment of cell models overexpressing IREla
wild-type (WT) or kinase-dead mutants. Human IREla
WT (cat. no. 20744; Addgene, Inc.) and human IREla
kinase-dead mutants (K599A; cat. no. 20745; Addgene,
Inc.) were transfected into MDA-MB-231 cells as previ-
ously described (17,18). Lentiviral particles were produced
using the second-generation packaging plasmids psPAX?2
(cat. no. 12260; Addgene, Inc.) and pMD2.G (cat. no. 12259;
Addgene, Inc.). For each transfection, 4 pug of the IREla
transfer plasmid was combined with 3 pg of the pack-
aging plasmid (psPAX2) and 1 pg of the envelope plasmid
(pMD2.G). Specifically, the plasmid mix was diluted in
250 ul Opti-MEM containing 5 1 P3000 reagent, and 10 ul
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) was diluted in 250 ul Opti-MEM. The two solutions
were mixed, incubated at room temperature for 15 min and
then added to the 293T cell (ATCC) culture. Transfected
cells were maintained at 37°C with 5% CO, for 48-72 h.
The lentiviral supernatant was collected at 24 and 48 h
post-transfection, pooled, filtered (0.45 ym), and concen-
trated. For transduction, MDA-MB-231 cells were infected
at a multiplicity of infection (MOI) of 5 in the presence of
8 ug/ml polybrene for 24 h. Stable cell lines were subse-
quently selected using 2 yg/ml puromycin for 7 days, starting
48 h post-transduction. Following a 5-7 day recovery period,
overexpression was verified by western blotting.

ONCOLOGY LETTERS 31: 130, 2026 3

Bioinformatic analysis. Bioinformatics analysis was
performed using web-based bioinformatics tools. ERNI
levels in normal and breast cancer samples, as well as the
profiles of ERNI levels in different molecular subtypes of
breast cancer, were analyzed using the online University
of ALabama at Birmingham CANcer data analysis Portal
(UALCAN) (19) (https://ualcan.path.uab.edu/). The levels of
ERNI in several malignant tumors were analyzed based on
the web tool Gene Expression Profiling Interactive Analysis
2 (20) (http://gepia2.cancer-pku.cn). The online Kaplan-Meier
Plotter (21) (http://kmplot.com/analysis) was employed
to analyze recurrence-free survival differences between
ERNI-high and -low groups in both overall breast cancer and
HER2-positive subtypes, using the default parameters (probe:
227755_at; cut-off: median) based on its integrated breast
cancer gene expression dataset. For TNBC-specific analysis,
the GSE21653 dataset (available within the Kaplan-Meier
Plotter tool) (22) was selected, applying the ‘auto-select best
cut-off” function.

RNA extraction, cDNA synthesis and reverse transcription-
quantitative PCR (gPCR). MDA-MB-231, MDA-MB-468 and
4T1 cells were treated with APY29 (200 nM) for 24 h at 37°C
and subsequently harvested. Total RNA was isolated using
TRIzol reagent. cDNA was synthesized using the SuperScript
IV First-Strand Synthesis System with the following protocol:
25°C for 10 min, 50°C for 10 min, and 80°C for 10 min. qPCR
was performed using the SsoAdvanced Universal SYBR®
Green SuperMix (cat. no. 1725270; Bio-Rad Laboratories,
Inc.). The thermocycling conditions were as follows: initial
denaturation at 95°C for 30 sec, followed by 40 cycles of 95°C
for 15 sec and 60°C for 30 sec. Gene expression was normal-
ized to the endogenous reference gene GAPDH using the 2444
method (23). The results are expressed as fold changes relative
to the control group. Primer sequences used for gPCR were as
follows (24): xCT forward, 5"TGTGTGGGGTCCTGTCAC
TA-3"; xCT reverse, 5-CAGTAGCTGCAGGGCGTATT-3";
GAPDH forward, 5-ATGGGGAAGGTGAAGGTCG-3"; and
GAPDH reverse, 5-GGGGTCATTGATGGCAACAATA-3".

Statistical analysis. All experimental data are presented as
mean + standard error of the mean. Unpaired t-test and one- or
two-way ANOVA with Tukey's post hoc test were performed
using GraphPad Prism 8.0 software (Dotmatics). P<0.05 was
considered to indicate a statistically significant difference. All
cell culture experiments were independently repeated at least
three times to ensure data reproducibility and reliability.

Results

IREla is associated with the progression of breast cancer.
Previous research reported that the activation of IREla can
promote breast cancer development (25). The present study
thus hypothesized that IREla may be pathologically associ-
ated with breast cancer and validated this using existing
clinical datasets. Using the online tool UALCAN, ERN1 (which
encodes IREla) levels were analyzed. The results revealed
that ERNI expression was significantly downregulated in
breast cancer tissues compared with that in normal tissues
(Fig. 1A). Notably, the ERNI levels were significantly lower in
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Figure 1. IREla is associated with BRCA progression. (A) UALCAN analysis of the level of ERNI in BRCA. (B) UALCAN analysis of the level of ERNI in
BRCA based on BRCA subclasses. The Kaplan-Meier Plotter was used to analyze the outcomes patients with BRCA, and the differences in recurrence-free
survival were compared between groups stratified by ERNI status: (C) Overall BRCA, (D) HER2-positive breast cancer subset and (E) triple negative BRCA
subset. IREla, inositol-requiring enzyme la; UALCAN, University of ALabama at Birmingham CANcer data analysis Portal; ERNI, endoplasmic reticulum
to nucleus signaling 1; BRCA, breast cancer; TCGA, The Cancer Genome Atlas; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; ns, not

significant.

the more aggressive HER2-positive and TNBC subtypes (26),
than in the luminal subtype (Fig. 1B). This suggests that
ERNI may serve a critical role in the pathological process of
HER?2-positive and TNBC. Furthermore, pan-cancer analysis
further demonstrated that ERNI is generally downregulated
in multiple cancer types compared with that in normal tissues
(Fig. S1). Kaplan-Meier survival analysis also revealed that a
low expression of ERNI was significantly associated with a
worse prognosis of patients with breast cancer (Fig. 1C). In
patients who were HER2-positive and in those with TNBC
with worse clinical outcomes (27), a lower expression of
ERNI was also significantly associated a worse prognosis
(Fig. 1D and E). Collectively, these findings highlight the
potential of targeting IREla for breast cancer therapy.

IREla kinase pharmacological inhibition confers ferroptosis
resistance in TNBC cells. Ferroptosis has emerged as a prom-
ising therapeutic target in breast cancer (3), and TNBC exhibits
a heightened susceptibility to ferroptosis compared with other
molecular subtypes (7). Furthermore, IREla possesses both a
kinase domain and an RNase domain (8), and whilst previous

research has established the involvement of its RNase in modu-
lating ferroptosis sensitivity (11), the potential role of its kinase
in ferroptosis regulation remains unexplored. In the present
study, to investigate the association between IREla kinase
and ferroptosis in TNBC, MDA-MB-231 cells were treated
with the type I kinase inhibitor APY29 (28) and a dose-effect
curve was determined (Fig. S2A). Following subsequent
experiments at a non-toxic concentration of APY29 (0.2 uM),
it was observed that treatment with APY29 significantly
enhanced the resistance of MDA-MB-231 cells to multiple
ferroptosis-inducing agents, including erastin, SAS, glutamate
and cystine restriction (Fig. 2A-D; P<0.0001 vs. Control at key
concentrations). In contrast to the dose-dependent decrease in
viability observed with erastin, SAS, and glutamate (which
inhibit cystine uptake), cell viability increased with higher
cystine concentration in the deprivation assay (Fig. 2D), as
cystine itself is a critical substrate for the cellular antioxidant
defense against ferroptosis. Notably, these inducers all trigger
ferroptosis by directly or indirectly inhibiting system Xc,
the cystine/glutamate antiporter critical for antioxidant
defense (29). This protective effect was further confirmed in
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mean (n=6).

MDA-MB-468 and 4T1 TNBC cells, as well as in HT1080
fibrosarcoma cells (Figs. 2E-H, S2B-D and S3A-D; P<0.0001
vs. Control at key concentrations). Notably, APY29 did not
exert a significant effect on ferroptosis induced by the GPX4
inhibitors RSL3 or ML162 (Fig. S3E-H; P>0.05 vs. Control).
These results suggest that IREla kinase modulates the
susceptibility to ferroptosis through the regulation of system
Xc rather than through GPX4.

The present study further selected two known IREla
modulators, sunitinib [a type I inhibitor that suppresses IREla
kinase activity without affecting its RNase function (30)] and
KIRAG6 [an ATP-competitive IREla kinase inhibiting RNase

P<0.0001 vs. Control. SAS, sulfasalazine; KIRAG6, inositol-requiring enzyme lo kinase-inhibiting RNase attenuator.

attenuator (31)], for subsequent investigations. First, the cyto-
toxicity of these compounds was evaluated in MDA-MB-231
cells (Fig. S2E and F). Subsequent experiments were then
performed at non-toxic concentrations (sunitinib at 0.2 yM;
KIRAG6 at 0.5 uM). The results revealed that sunitinib
significantly suppressed the ferroptosis induced by erastin,
SAS, glutamate or cystine restriction (Fig. 3A-D; P<0.0001
vs. Control at key concentrations). Similarly, KIRA6 exerted
marked cytoprotective effects (Fig. 3E-H; P<0.0001 vs.
Control at key concentrations). These findings suggest that
targeting the IREla kinase signaling pathway may represent
an effective strategy for modulating ferroptosis.
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Figure 4. Overexpression of IRElo-WT promotes ferroptosis. Dose-response of (A) erastin-, (B) SAS-, (C) glutamate- or (D) cystine restriction-induced
cytotoxicity in MDA-MB-231 cells overexpressing empty vector, WT IREla or kinase-dead IREla mutant. Data are presented as mean + standard error of the
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Overexpression of IREIa-WT enhances ferroptosis. To
further investigate the role of IREla kinase in ferroptosis in
MDA-MB-231, the present study established stable cell lines
overexpressing either IREla-WT or IRE1a-K599A, which
abolishes the kinase function of IREla (Fig. S4). Subsequent
drug resistance assays demonstrated that, compared with the
control cells, the overexpression of IRE1a-WT significantly
enhanced cellular sensitivity to ferroptosis induced by several
stimuli, including erastin, SAS, glutamate and cystine restric-
tion. By contrast, the overexpression of the kinase-dead mutant
(IRE10-K599A) did not exert a significant effect on ferroptosis
sensitivity (Fig. 4; P<0.0001 for IRE1a-WT vs. NC, P>0.05
for IRE1a-K599A vs. NC at key concentrations). Taken
together, these findings demonstrate that the overexpression
of IRE1a-WT, but not the kinase-dead mutant increased the
sensitivity of TNBC cells to ferroptosis.

IREla kinase inhibition reduces lipid peroxidation. As lipid
peroxidation is a critical process in the execution of ferrop-
tosis (3), the present study examined the effects of IREla kinase
inhibition on MDA [an end product of lipid peroxidation (32)]

and lipid ROS levels. The findings demonstrated that treatment
with APY?29 significantly inhibited the accumulation of MDA
(Fig. 5A-D) and lipid ROS (Fig. 5E-H) induced by erastin, SAS,
glutamate or cystine restriction (compared with the respective
inducer-only groups), whereas IREla kinase inhibition with
APY29 did not affect the baseline levels of MDA or lipid ROS
(compared with the control group) (Fig. 5).

Further investigations revealed that under ferrop-
tosis-inducing conditions, the overexpression of IRE1a-WT
significantly increased the accumulation of MDA (Fig. 6A-D)
and lipid ROS (Fig. 6E-H) compared with that in the control
cells and in cells expressing the kinase-dead mutant. Taken
together, these results indicate that the inhibition of IREla
kinase alleviates lipid peroxidation, thereby suppressing
ferroptosis.

Inhibiting IREla kinase prevents GSH depletion in ferroptosis.
xCT is a key component of system Xc and serves a crucial
role in regulating intracellular redox homeostasis and deter-
mining cellular sensitivity to ferroptosis (1). In the present
study, the results revealed that the inhibition of IREla kinase
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activity significantly alleviated ferroptosis induced by system
Xc suppression (Fig. 2). Specifically, Fig. 2 demonstrates that
co-treatment with APY29 markedly improved cell viability
compared with cells treated with erastin, SAS, glutamate, or
under cystine restriction alone. Thus, it was hypothesized that
IREla kinase may regulate ferroptosis through xCT. In compar-
ison with controls, treatment of MDA-MB-231 cells with the
IREla kinase inhibitor, APY?29, significantly increased xCT
mRNA levels and protein expression (Figs. 7A and S5A). This
effect was also observed in MDA-MB-468 (Figs. S5B and S6A)
and 4T1 cells (Figs. S5C and S6B). However, the expression of
GPX4 and ACSL4, two key ferroptosis regulatory genes (1),
remained unaltered (Fig. 7B and C).

The system Xc inhibits ferroptosis by maintaining GSH
synthesis (33). Further experiments revealed that treatment
with APY29 increased baseline GSH levels in MDA-MB-231
cells compared with the untreated control and effectively
reversed GSH depletion induced by erastin, SAS, gluta-
mate and cystine restriction compared with the respective
inducer-only groups (Fig. 7D-G). This effect was also observed
in MDA-MB-468 and 4T1 cells (Fig. S6C-F). Moreover, under
these ferroptosis-inducing conditions, the overexpression of
wild-type IREla significantly reduced GSH levels compared
with that in both the control and kinase-dead mutant overex-
pression groups (Fig. 7H-K). Full original western blot images
from Figs. 7 and S6 are presented in Fig. S7. Collectively, the
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Figure 6. Upregulation of IREla kinase increases lipid peroxidation. MDA levels in MDA-MB-231 cells overexpressing empty vector, wild-type IREla or
kinase-dead IREla mutant following 12-h treatment with (A) erastin (5 #M), (B) SAS (1 mM), (C) glutamate (20 mM) or (D) cystine-restricted medium. Lipid
ROS levels in MDA-MB-231 cells overexpressing empty vector, wild-type IREla or kinase-dead IREla mutant following 6-h treatment with (E) erastin (5 uM),
(F) SAS (1 mM), (G) glutamate (20 mM) or (H) cystine-restricted medium, with corresponding statistical histograms. Data are presented as mean + standard
error of the mean (n=3). IREla, inositol-requiring enzyme la; MDA, malondialdehyde; ROS, reactive oxygen species; NC, negative control; WT, wildtype;

SAS, sulfasalazine.

aforementioned results indicate that the inhibition of IREla
kinase activity attenuates GSH depletion, thereby enhancing
cellular resistance to ferroptosis.

Discussion

The present study, through the analysis of existing datasets,
demonstrated that ERNI levels in patients with breast cancer
were significantly lower than those in normal samples.
Moreover, a low expression of ERNI was associated with a
poor prognosis of patients with breast cancer. Its low level also
predicted a poor prognosis of patients with HER2-positive
breast cancer and TNBC. Mechanistically, the inhibition
of IREla kinase activity upregulated xCT expression and
enhanced GSH production, thereby suppressing ferroptosis
in TNBC cells. These findings suggest that IREla kinase
is a potential therapeutic target for TNBC. Notably, similar

effects observed in HT1080 cells indicate that this regulatory
mechanism may extend to broader cancer therapies.

IREla serves multifaceted roles in several types of cancer
by modulating the tumor microenvironment, antitumor
immunity and chemoresistance (9,34). IREla regulates
tumor progression through distinct functional domains;
small-molecule drugs targeting IREla are currently under
development as potential anticancer therapeutics (35,36).
STF-083010, is a compound specifically targeting the cata-
lytic core of the IREla RNase domain that inhibits RNase
activity without altering kinase function or the oligomeriza-
tion state (28). Similarly, 4u8C selectively inhibits the IREla
RNase domain, specifically targeting and suppressing regu-
lated IREla-dependent decay (RIDD), whilst preserving the
kinase activity of IREla (37). Previous studies have reported
that both these selective IREla RNase inhibitors can effec-
tively inhibit the ferroptosis process (11,38). Furthermore,
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the present study demonstrated that the IREla kinase inhibi-
tors, APY29 and sunitinib [which selectively inhibit IREla
kinase activity without affecting RNase function (30,39)],
effectively rescued the ferroptosis of TNBC cells induced by
the inhibitory system Xc'. This suggests that IREla kinase
activity is as crucial as its RNase activity in the regula-
tion of ferroptosis. Additionally, KIRAG6, a dual inhibitor
targeting both the kinase and RNase domains (31), also
exhibits ferroptosis-suppressing effects. In summary, the
pharmacological modulation of IREla provides a promising
therapeutic strategy for the treatment of disease by regulating
the ferroptosis pathway.

The UPR is a cellular stress response triggered by the
accumulation of misfolded proteins in the ER (40). A total of
three major pathways mediate the UPR: Protein kinase R-like
ER kinase (PERK), activating transcription factor 6 (ATF6)
and IREla (41). Emerging evidence indicates the crucial role
of UPR in regulating the ferroptosis of tumor cells: It has
been demonstrated that the loss of PERK function promotes
ferroptosis by downregulating xCT in colorectal cancer (42).
Moreover, ATF6 exists in two isoforms (a and p), with
ATF6a being the predominant form (43). In prostate cancer,
ATF6a deficiency has been reported to enhance ferroptotic

cell death (44). Additionally, IREla contains two functional
domains: A kinase domain and an RNase domain (45). Its
RNase activity enhances cellular susceptibility to ferrop-
tosis by downregulating xCT expression through the RIDD
pathway (11). However, the role of IREla kinase in the
regulation of ferroptosis remains unclear. The present study
demonstrated that the inhibition of IREla kinase activity
upregulated xCT expression and promoted GSH synthesis,
thereby rescuing the ferroptosis of TNBC cells induced by
the inhibitory system Xc_. Notably, although both the kinase
and RNase domains can modulate ferroptosis through
xCT, these data suggest they may function through inde-
pendent pathways, as the inhibition of either domain alone
is sufficient to confer ferroptosis resistance. To explain this
kinase-mediated effect, the present study proposes a model
wherein its pharmacological inhibition mimics the functional
consequence of IREla kinase domain cysteine sulfenylation,
which is a redox-sensing modification known to repress its
canonical UPR function and activate the NRF2 pathway (46).
Therefore, we hypothesize that the observed transcriptional
upregulation of SLC7AI1I1 is likely mediated through NRF2
activation. Overall, the findings of the present study unveil a
novel role of IREla kinase in ferroptosis and provide a more
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comprehensive understanding of the function of IREla in the
ferroptosis pathway.

However, the therapeutic implications of the findings
of the present study require careful consideration. The data
demonstrate that inhibiting IREla kinase activity protects
TNBC cells from ferroptosis. This key observation argues
against the use of IREla kinase inhibitors as a monotherapy,
as it would promote tumor survival. Instead, the present work
suggests more rational strategies. Firstly, tumors with low
IREla expression may be intrinsically resistant to ferrop-
tosis inducers, a factor that should be considered in patient
stratification. Secondly, a novel combinatorial approach could
involve developing IREla kinase activators to hypersensitize
tumors to ferroptosis inducers, thereby leveraging this axis for
therapeutic benefit.

Limitations of the present study should be noted. The find-
ings are primarily based on in vitro experiments using a limited
set of TNBC cell lines. Future in vivo studies and validation
in clinical samples are required to confirm the translational
relevance of the IREla kinase-xCT-GSH axis.

In conclusion, the inhibition of IREla kinase activity
increases XCT expression and promotes GSH synthesis, a
mechanism that serves a critical role in regulating the ferrop-
tosis of TNBC MDA-MB-231 cells. These findings support
the IREla kinase-xCT-GSH axis as a potential therapeutic
strategy for the treatment of TNBC.
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