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ABSTRACT

ARTICLE HISTORY

Therapeutic resistance and recurrence are primary contributors to poor outcomes in breast
cancer patients. Induction of ferroptosis, a type of cell death characterized by an overload
of toxic lipid peroxides, has been appreciated as a viable strategy in the treatment of breast
cancers, including lethal subtypes such as triple-negative breast cancer (TNBC). Notwith-
standing, some cancer subtypes are resistant to ferroptosis, and the underlying mechanisms
remain incompletely understood. The current study shows that phosphoglycerate kinase 1
(PGK1), a glycolysis-regulating enzyme, is highly expressed in advanced tumor stages and
correlates with ferroptosis resistance as well as poor outcomes, especially in TNBCs. Using
genetic and pharmacological approaches, we demonstrated that PGK1 depletion attenuates
ferroptosis resistance in TNBC and luminal breast cancer cell lines. We also showed that PGK1
depletion destabilizes GPX4, an anti-ferroptosis defense peroxidase in parallel with pyru-
vate dehydrogenase (PDH), to disrupt redox homeostasis and enhance lipid peroxidation.
In orthotopic TNBC models, we showed that tumoral loss of PGK1 enhances activity of the
ferroptosis inducer imidazole ketone erastin (IKE) and reduces tumor size and metastasis.
These results indicate that PGK1 plays a key role in modulating breast cancer sensitivity to
ferroptosis induction, suggesting that this kinase may be exploited as a therapeutic target to
overcome resistance to ferroptosis inducers in breast cancers.
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1. Introduction

Therapy resistance and tumor recurrence are the
main causes of mortality in breast cancer patients
[1, 2]. Increasing evidence has shown that metabol-
ic reprogramming enables cancer cells to survive in
hostile microenvironments, sustain growth and pro-
liferation, and eventually escape death [3-5]. Conse-
quently, targeting vital metabolic regulators to en-
hance cancer cell death has been regarded with great
potential for the treatment of aggressive cancers, in-
cluding lethal subtypes such as triple-negative breast
cancer (TNBC) [6-8]. Ferroptosis is a non-apoptotic
and iron-driven type of programmed cell death dis-
tinguished by an overload of toxic lipid peroxidation
and disruption of redox. Inducing ferroptotic-cell
death for the treatment of various cancers has been
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extensively explored in recent times. In this study,
we show that phosphoglycerate kinase 1 (PGK1), a
key glycolytic enzyme and regulator [9-11], is over-
expressed in breast cancers, including TNBC, and
promotes their resistance to ferroptosis induction.
In both in vitro and in vivo experiments, we demon-
strate that PGK1 depletion by RNA interference or
its inhibition by a small-molecule inhibitor sensi-
tized tumor cells to ferroptosis induction, and that
this sensitization is mediated through metabolic re-
programming. PGK1 depletion attenuated pyruvate
dehydrogenase (PDH) expression, which elevates
metabolic stress, extracellular acidification, and lipid
peroxidation, enhancing ferroptosis. Ferroptosis-re-
sistant tumor cells exhibited higher PDH expression,
maintained their oxidative metabolism and redox
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homeostasis, and showed a decreased susceptibility
to ferroptosis induction. These observations imply
that targeting PGK1 in combination with ferroptosis
induction may be exploited as a novel strategy for the
treatment of ferroptosis-insensitive breast cancer and
likely other types of tumors.

2. Materials and Methods

Reagents

Erastin (MedChemExpress, NJ, USA, #HY-
15763), Imidazole ketone erastin (MedChemExpress,
NJ, USA, #HY-114481), NG52 (MedChemExpress,
NJ, USA, #HY-15154, ), Ferrostatin (MedChem-
Express, NJ, USA, #HY-100579), Laemli lysis buf-
fer, RIPA lysis buffer, Complete protease inhibitor
(Roche, MH, GERMANY, # 0469331001), Dimethyl
Sulfoxide (DMSO) (VWR, PA, USA, #0231), Triton
X-100 (SIGMA ALDRICH MO, USA, #T8787, RRID:
AB_2629483) Aquabluer solution (BocaScientific,
Wahington, MA, USA, #6015, RRID: AB_12345678),
Necrostatin (Selleck, TX, USA, #S8037), Liproxstatin
(Selleck, TX, USA, #57699), Bovine serum albumin
(Santa Cruz Biotechnology, TX, USA, #sc-2323A),
N-Acetyl cysteine (SIGMA ALDRICH MO, USA,
#A9164), Z-VAD FMK (Selleck, TX, USA, #57023),
C11-BODIPY 581/591 (Thermo Fisher Scientific,
Waltham, MA, USA, #D3861), 4-Hydroxynonenal
(R&D Systems, Minneapolis, MN, USA, #MAB3249,
RRID: AB_177699), mirVana™ MiRNA isolation kit
(Thermofisher Scientific, VL, Lithuania, # AM1561).
DAPI (Thermofisher Scientific, VL, Lithuania, #
P36941, RRID: AB_2629482) jetPRIME Transfection
Reagent (Polyplus-satorius, IL, FRANCE), PGK1
siRNA (Dharmacon, CA, United Kingdom, #5230),
PGK1 siRNA (Santa Cruz Biotechnology, TX, USA,
#sc-36215), Crystal violet (SIGMA ALDRICH MO,
USA, #C3886, RRID: SCR_015456), MojoSortTM
Mouse CD8 T cell Isolation Kit (Biolegend, CA, USA,
#480008) PGK1 shRNA (m) Lentiviral Particles (San-
ta Cruz Biotechnology, TX, USA, # sc-36216-V), Glu-
tathione Peroxidase 4 expression plasmid ( OriGene
Technologies, Rockville, MD, USA, #RC208065),
NADP/NADPH-Glo™ Assay kit (Promega, Madison,
WI, USA, #G9081). 257346765 (MedChemExpress,
NJ, USA, HY-W195984). Bicinchoninic Acid (BCA)
assay kit (Thermos Scientific, Waltham, MA, USA,
#23228), AdvanBlock™Chemi Blocking Solution
(Advansta, CA, USA, #R-03726-E10).

Antibodies

PGK1 (Santa Cruz Biotechnology, TX, USA, #sc-
130335,RRID: AB_2165228), PGK1 (NOVUS biolog-
ical, CO, USA, #NBP2-19784, RRID: AB_2786860),
ACSL4 (Santa Cruz Biotechnology, TX, USA,
#sc-365230, RRID: AB_10847863), GPX4 (Santa
Cruz Biotechnology, TX, USA, #sc-166437, RRID:
AB_2279252), FSP1 (AMID) (Santa Cruz Biotech-
nology, TX, USA, #sc-376594, RRID: AB_11149443),
BMALL (Santa Cruz Biotechnology, TX, USA, #sc-
365645, RRID:AB_RRID:AB_10842165), Pyruvate
Dehydrogenase (Cell Signaling Technology, MA,
USA, #2784, RRID: AB_2061989), PKM1/2 (Cell
Signaling Technology, MA, USA, #3186, RRID:AB
2162606), PKM2 (Cell Signaling Technology, MA,
USA, #3186, RRID:AB 1904096),b-Actin (Cell
Signaling Technology, MA, USA, #3700, RRID:
AB_2242334), LDHA (Cell Signaling Technology,
MA, USA, #3582, RRID:AB_10694487), Ferritin
(Santa Cruz Biotechnology, TX, USA, #sc-37659%4,
RRID:AB_11149443).

Bioinformatics Analysis

To investigate the expression patterns and clin-
ical significance of PGK1 in breast cancer cell lines,
publicly available datasets such as RNA-seq data
from the TCGA, together with GEO datasets, were
obtained using cBioPortal (RRID: SCR_014555) for
transcriptomic profiling and copy number variation
analysis. Expression patterns of PGK1 in the lumi-
nal, HER2-positive, basal, and triple-negative breast
cancer (TNBC) subtypes were evaluated relatively to
normal breast tissues. Clinical outcome data, such
as Overall Survival (OS), Post-Progression surviv-
al (PPS), and Relapse-Free Survival (RFS), were ac-
quired from a total of 4,929 breast cancer patients’
data at the TCGA Pan-Cancer Clinical Data Resource
(TCGA-CDR) using the KM Plotter tool (https://
kmplot.com/analysis/index.php?p=service) [12]. To
obtain the PGKI1 protein expression levels, UALCAN
(RRID: SCR_018826) was used to analyze Clinical
Proteomic Tumor Analysis Consortium (CPTAC)
data, particularly in stage-specific and subtype-spe-
cific breast tumors relative to normal tissues. Breast
cancer patients were ranked into high and low PGK1
expression groups, then the prognostic relevance of
PGK1 was examined using the Kaplan-Meier Plotter
(RRID: SCR_018753), which evaluated the overall
survival (OS) and Relapse-free survival (RFS) be-
tween the groups. Furthermore, ferroptosis-linked
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gene signatures from GEO datasets were investigated
to explore the association between PGK1 expression
and ferroptosis resistance.

Cell culture

MCF7 (RRID: CVCL_0031), MDAMB231
(RRID: CVCL_0062), BT549 (RRID: CVCL_1092),
MDAMB468 (RRID: CVCL_0419), and cells were
acquired from ATCC (ATCC, VA, USA). HCC70
(RRID: CVCL_1258), T47D (RRID: CVCL_0553),
HCC1187 (RRID: CVCL_1248), and MDAMB453
(RRID: CVCL_0418) were kind gifts from Dr Wu
Yadi. L2T lentiviral particles were kind gifts from Dr
Xia Liu. For in vitro experiments, Cells were cultured
in RPMI, DMEM-F 12, or High-glucose DMEM (In-
vitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich, St.
Louis, MO, USA) and incubated at 36.7 ‘'C with 5%
CO2. For drug treatment, 5,000 cells were treated
with various concentrations of erastin (0, 0.5, 1, 2, 4,
10, 20, 40, 80 uM) for up to 72 hours. To interfere
with ferroptosis and other cell death mechanisms,
cells were treated with erastin alone or in combina-
tion with NG52 (5uM) or 7257346765 (25 pM) cell
death inhibitors, such as ferrostatin (20pM), Liprox-
statin (1 uM), Necrostatin (20 pM), Zvad-FMK (100
uM), and NAC (20 mM) as described previously [13].

Western blotting

Cells were collected into cold phosphate-buff-
ered saline, spun down, and protein was extracted in
Laemmli or RIPA buffer supplemented with protease
inhibitor. Protein concentration was evaluated using
a BCA assay kit. Cell lysates were run in sodium do-
decyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) at 100 volts for 2-2:30 hours. Proteins
were transferred onto an Immobilon PVDF or nitro-
cellulose membrane in a transfer buffer at 100 volts
for 1:10 hours. Membranes were blocked in 5% defat-
ted milk in PBST or Chemi blocking solution for one
hour, and blots were incubated overnight with appro-
priate primary antibody at 4°C with gentle rocking.
Horse-radish Peroxidase (HRP)- secondary antibody
was incubated at room temperature for 1 hour, fol-
lowed by two washes in PBST for 15 minutes each.
Protein expression levels were visualized using the
ChemiDOC™ MP imaging system (BioRad, Hercu-
les, CA, USA)

Quantitative Real-time PCR
RNA was extracted from the cell pellets using an
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Invitrogen mirVana™ MiRNA isolation kit (Ther-
mofisher Scientific, Vilnius, Lithuania, # AM1561).
First-strand cDNA was produced from 2pug of total
RNA using Invitrogen SuperScript™ IV First-strand
Synthesis System (Thermofisher Scientific, Vilnius,
Lithuania, #18091050), and qRT-PCR was performed
using the 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA).

Seahorse Analysis

Extracellular Acidification Rate (ECAR) was in-
vestigated using the Seahorse Bioscience Extracellular
Flux Analyzer (XF 96 Agilent, RRID: SCR_019545).
MCF7, MDAMB231, and MDAMB468 cells were
seeded at densities of 5000, 15,000, and 20,000, re-
spectively, in 200ul of DMEM, and allowed to adhere
overnight in 96-well Seahorse plates. Cells underwent
experimental conditions and were incubated for an
additional 48hours. Cells were washed and incubated
in a Seahorse assay medium for one hour at 37°C in
a CO2-free incubator to equilibrate. The assay was
subsequently performed according to the standard
Glycolysis stress test protocol with procedural injec-
tions of glucose, oligomycin, and 2-deoxyglucose (2-
DG). ECAR was evaluated at baseline level and after
each injection to assess glycolytic flux. The data ac-
quired were normalized and analyzed using Seahorse
Wave software (RRID: SCR_014526).

Immunocytochemistry (ICC) and Immunofluo-
rescence Assays

Tumor cells (2 x 10° cells/ml) were seeded on
sterile round coverslips that were placed in a 24-well
plate and treated following the experimental proce-
dure. The cells were then fixed with 300 pL of cold
methanol (-10°C) for 5 mins, air dried, and permea-
bilized with 0.25% Triton X-100 in PBS for 10 mins.
Next, the cells were blocked with blocking solution
(2% Bovine Serum Albumin + 0.1% Triton X-100
in PBS) for 1 hr at room temperature, incubated
overnight at 4 'C with primary antibodies diluted in
blocking solution according to the manufacturer’s
instructions. Subsequent steps were performed in
a protected environment from light. The cells were
washed three times with 1X PBS, then incubated with
secondary antibodies diluted 1:500 in blocking solu-
tion for 1 hr at room temperature. Cells were washed
with 1X PBS for 5 mins, incubated in DAPI (300 nM)
at room temperature for 5 mins, and washed for an-
other 5 mins with 1X PBS. Slides were mounted on
a carrying glass and stored overnight at 4°C in dark
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conditions. For tissues, formalin-fixed paraffin-em-
bedded (FFPE) tumor resections from Balb/c mice
were processed by the biospecimens core facility of
the University of Kentucky according to the approved
Institutional Review Board (IRB) protocol. Tissue
sections were deparaffinized, progressively rehydrat-
ed through graded ethanol, and subjected to heat-in-
duced antigen retrieval using sodium citrate buffer
(pH 6.0) for 12 minutes. Next, sections were twice
blocked in 100mM glycine for 8 minutes each, washed
twice in PBS, and blocked in 10% normal donkey
serum in 1% BSA for 1 hour at room temperature.
Sections were incubated in primary antibodies (1:50)
overnight at 4 °C, followed by two washes in PBST,
then 1 hour of incubation in appropriate secondary
antibodies (1:1000) at room temperature. Following
two washes with PBST, nuclei were counterstained
with DAPI for 5 minutes, washed once, and then
mounted using aqueous mounting medium. Imag-
ing was done under identical exposure settings for all
treatment groups.

4-Hydroxynonenal (4-HNE) Immunohistochemis-
try and Quantification

Formalin-fixed, paraffin-embedded tissue sec-
tions were stained for 4-hydroxynonenal (4-HNE)
using an anti-4-HNE antibody. Tissue sections were
deparaffinized, progressively rehydrated through
graded ethanol, and subjected to heat-induced an-
tigen retrieval using sodium citrate buffer (pH 6.0)
for 12 minutes. Sections were blocked and incubat-
ed in primary antibody overnight at 4 °C, followed
by 1 hour of incubation with appropriate fluorescent
secondary antibodies at room temperature. Nuclei
were counterstained with DAPI, washed, and slides
mounted using an aqueous mounting medium. Im-
aging was done under identical exposure settings for
all treatment groups and quantified using Image-Pro
Plus v4.5.

Measurement of intracellular NADPH levels
Intracellular NADPH levels were evaluated ac-
cording to the manufacturer’s instructions of the
NADP/NADPH-Glo™ Assay kit. Briefly, breast cancer
cells were seeded in 6-well plates and allowed to ad-
here and undergo treatment conditions for 48hours.
Cells were then washed once with cold PBS and lysed
directly in the wells using 100 pL of Base Solution
(NaOH) supplemented with 1% dodecyltrimeth-
ylammonium bromide (DTAB) for efficient cell lysis
and preservation of pyridine nucleotides. Lysates were

transferred to Eppendorf tubes and divided equally
for selective measurement of NADP* or NADPH. To
measure NADPH, selected aliquots were heated at 60
°C for 15 min without acid treatment, which selec-
tively degrades NADP* while sparing NADPH. Next,
samples were cooled to room temperature and neu-
tralized using HCL/Trizma solution.

Neutralized samples were transferred to white opaque
96-well plates, and the NADP/NADPH-Glo™ Detec-
tion Reagent was added according to the manufac-
turer’s instructions. NADPH levels were calculated
based on Luminescence obtained after reading the
plate on a GloMax Discover microplate luminome-
ter (Promega), and values obtained were normalized
relative to those of control samples. All experiments
were performed with at least three independent bi-
ological replicates, and data are reported as mean +
SD.

Lipid peroxidation analysis by C11-BODIPY
581/591 staining

Lipid peroxidation was assessed using the C11-
BODIPY 581/591 probe, which undergoes a relative
fluorescence change from red (reduced) to green
(oxidized) during lipid oxidation. Breast cancer cells
underwent treatment conditions and were washed
twice in PBS, followed by incubation with 5 uM C11-
BODIPY 581/591 in serum-free medium at 37 °C
for 30 minutes, protected from light. After staining,
cells were washed twice with PBS and analyzed by
flow cytometry within 2 hours, whereby Oxidized
C11-BODIPY was detected in the FITC (green)
channel and reduced C11-BODIPY was detected in
the PE (red) channel. Lipid peroxidation was taken
as the ratio of FITC to PE fluorescence intensity, and
treatment groups were normalized to vehicle-treated
controls. Experiments comprised at least three inde-
pendent biological replicates, and data are reported
as mean + SD.

Cell viability assay

Aquabluer redox indicator for cell viability was
used to evaluate cell viability. Briefly, 5 x 10* control or
PGK1-depleted (siRNA-transfected or NG52-treat-
ed) cells were seeded into 100ul of growth medi-
um per well in 96-well plates and then treated with
erastin alone or in combination with Fer-1 (20 uM),
Lip-1 (1 uM), Nec-1 (20 uM), Z-Vad-FMK (100 uM),
n-acetyl cysteine (20 uM), and cultured for 72 hours.
Afterwards, cells were cultured in 100ul of reconsti-
tuted Aquabluer solution, incubated for four hours,



and the absorbance was measured at 450 nm by a
microplate reader to evaluate cell viability. All drugs
were dissolved in DMSO and further diluted in cell
culture media according to experimental needs. The
final concentration of DMSO in all experiments did
not exceed 0.5% (v/v), and control groups were treat-
ed with proportionate amounts to serve as a baseline
for normalization.

Colony formation assay

200 control or PGK-depleted MCEF?7,
MDAMB468, and 4T1 cells were seeded in a 12-well
flat-bottom plate and allowed to adhere overnight.
Then, the cells were treated with DMSO as controls
or 1.25uM of erastin for 14 days. Afterwards, the cells
were fixed in 4% PFA for 14 minutes, stained with
crystal violet solution for 15 minutes, rinsed with
double-distilled water, and air-dried at room tem-
perature for later visualization of the colonies.

Cell transfection

MCF7 and MDAMB231 cells were transfected
with 800nm of PGK1 siRNA using jetPRIME Trans-
fection Reagent. Following transfection, cells were
incubated at 37 °C for 72 hours before experimental
use. L2T lentiviral particles were transfected into 4T1
cells at a concentration of 40 pug/ml with Polybrene
(10 ug/ml) overnight, then the cells were allowed to
recover for 3 days and expanded before experimental
use. Stable PGK1 knockdown cell lines were gener-
ated by transfecting 10 pl of mouse PGKI1 lentiviral
shRNA particles into wild-type 4T1 cells. Thereafter,
stable PGK1 knockdown clones were selected with
puromycin (10 pg/ml) and expanded before experi-
mental use.

Transient overexpression of GPX4 was performed
using a human GPX4 expression plasmid. An empty
vector or GPX4 plasmid was maintained in E. coli un-
der kanamycin selection (50 pug/ml) according to the
manufacturer’s instructions. Thereafter, MDAMB468
cells were transfected with the plasmids using Lipo-
fectamine according to the manufacturer’s instruc-
tions and incubated for 24 hours before subsequent
treatment. Successful GPX4 overexpression was first
confirmed by western blot analysis before assessment
of cell viability and ferroptosis-related endpoints.

Animal Experiments

Animals used in this investigation were treated
humanely according to the recommendations estab-
lished by the American Veterinary Medical Associ-
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ation. The Institutional Animal Care and Use Com-
mittee of the University of Kentucky approved all the
test protocols (protocol number IBC-24-4). 20 BAL-
B/c (RRID: IMSR_JAX:000651) mice were orthotopi-
cally injected with 1 x 10° L2T-transfected Wild-type
or PGK1 knockdown 4T1 cells in their fifth mam-
mary fat pad, and tumor size was monitored and
measured every four days. After the tumor volume
reached 80-100 mm’®, mice were randomly divided
into two groups, each comprising 5 mice. Mice were
then intraperitoneally treated with either vehicle (5%
DMSO, 4% PEG, 4% Tween-80 in saline) or Imidaz-
ole ketone Erastin (40 mg/kg) once every day for 14
days.

Institutional Review Board Statement

The study was conducted according to the guide-
lines of the Declaration of Helsinki and approved
by the Institutional Review Board of the University
of Kentucky (protocol code IBC-24-4 JMY; Date ap-
proved: 01.28.2025).

In accordance with our approved Institutional
Animal Care and Use Committee (IACUC) protocol,
tumor-bearing mice were monitored closely and eu-
thanized when tumor volume reached 1 cm in diam-
eter or earlier if signs of distress were observed.

Statistical analysis

Statistical analysis was performed using Graph-
Pad Prism version 10.4.1 (GraphPad Software, CA,
USA). All experimental studies comprised at least
three independent experiments represented as mean
+ SD. The t-test was used for two groups, and Anal-
ysis of Variance (ANOVA) for multiple groups. Sig-
nificance was defined as a p-value <0.05 between the
experimental and control groups.

3. Results

3.1 High PGKI1 expression in breast cancer is asso-
ciated with poor prognosis and ferroptosis insen-
sitivity.

We observed that PGK1 was expressed at differ-
ent levels among subtypes of breast cancer cell lines,
even within similar categories of breast cancers (Fig.
1A). Using Xena browser, we analyzed the compre-
hensive datasets from the Cancer Genome Atlas Pro-
gram (TCGA). In the TCGA samples, of which the
majority are primary tumor tissues, PGK1 expression
was higher in breast tumor tissues than in their nor-
mal counterparts. In the 1097 samples, we observed
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Fig. 1. High PGK1 expression is associated with poor prognosis and ferroptosis resistance in breast cancer patients. A. Western
blotting of PGK1 in TNBCs and non-TNBC cell lines. B. Gene expression levels of PGK1 in normal versus breast cancer primary tu-
mors in TCGA datasets. C. Gene expression levels of PGK1 in normal, luminal, HER2, and TNBC tissues in the TCGA dataset samples.
D. PGK1 expression across different stages of breast cancer. E. Effect of PGK1 expression on overall survival of patients with breast
cancer, as analyzed using Kaplan Meier Plotter. F. Abundance profile for PGK1 across sensitive vs ferroptosis-resistant cancersin a
GEO dataset. Data represent mean * SD; one-way ANOVA, ns: not significant, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
Note: The data shown in panel (1A) were obtained from an independent experimental repeat to avoid redundancy with Figure 2A.
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Table 1: Viability measurement of human triple-negative breast cancers MDAMB231, BT549, MDAMB468, MDAMB453, HCC1187,
and luminal cancers T47D and MCF7 cell lines treated with increasing doses of erastin for 72 hours. Data is represented as the

mean = SD (n=6).

Cell line Category IC50 (uM + SEM)
MDAMB231 Triple-Negative 4.8

BT549 Triple-Negative 6.0

MDAMB468 Triple-Negative 9.0

MDAMB453 Triple-Negative 22.0

HCC1187 Triple-Negative 41.0

HCC70 Triple-Negative >60.0

T47D Luminal >60.0

MCEF7 Luminal >60.0

that the expression of the PGKI1 gene (transcripts
per million) were at least 1.5-fold higher (p < 0.05)
in the human primary tumors than in the normal
breast tissue (Fig. 1B). As breast cancer is highly het-
erogeneous and its prognosis varies among different
subtypes of the disease, we performed bioinformatic
analysis of PGK1 expression in different subtypes of
breast cancer. We grouped PGK1 expressions of the
TCGA pan-cancer datasets into luminal, HER2, tri-
ple-negative tumors, and normal breast tissues. Fig.
1C shows that PGK1 expression was highly expressed
in TNBCs and HER2 samples as compared to oth-
er subclasses of breast cancer. Also, we observed a
progressive increase in PGK1 expression as tumors
advanced, with the highest PGK1 expression detected
in stage IV cancers (Fig. 1D). Using the Kaplan Meier
plotter, we stratified the breast cancer samples from
4929 patients into two groups based on PGK1 expres-
sion level: high expression group and low expression
group. The patients with high PGK1-expressing tu-
mors had lower survival than the patients with low
PGK1-expressing tumors (Fig. 1E). Notably, in the
datasets from the Gene Expression Omnibus data-
base that were categorized as ferroptosis-sensitive or
ferroptosis-resistant based on the immunophenotyp-
ing of 12 human 786-0 renal cell carcinoma samples,
PGK1 expression was significantly upregulated in the
ferroptosis-resistant tumors (Fig. 1F). This analysis
was included as supportive, cross-cancer evidence
to assess the potential association between PGK1
expression and ferroptosis resistance, rather than
to draw breast cancer-specific conclusions. Taken
together, these analyses indicate that higher PGK1
gene expression is associated with poorer prognosis,
advanced-stage breast cancer, and ferroptosis insen-
sitivity, particularly in TNBC and HER2-positive tu-
mors.

3.2 Expression of PGK1 in breast cancers affects
their response to the induction of ferroptosis.

As we observed the heterogenous effects of PGK1
expression on several signaling effectors including
GPX4, a regulator of ferroptosis, in breast cancer cells
(Fig. 2A), we evaluated the effect of PGK1 expression
on ferroptosis activity in breast cancer cells by testing
the response of both TNBC cell lines (MDAMB231,
MDAMB468 and BT549) and luminal cancer cell
lines (MCF7 and T47D) to erastin, a small molecule
inducer of ferroptosis. Table 1 and Fig. 2B show that
TNBC lines MDAMB231, MDAMB468, and BT549
were more sensitive to induction of ferroptosis than
the luminal cancer cell lines MCF7 and T47D. We
next treated those cell lines with a series of concentra-
tions of NG52, a small molecule inhibitor of PGK1,
and observed that IC, values of NG52 in the lumi-
nal breast cancer cell lines MCF7 and T47D cell lines
were 42 uM and 75 uM, higher than that in the TNBC
cells (5 uM, 17 uM and 27 uM for MDAMB231,
HCC1187 and MDAMB453, respectively) (Fig. 2C;
Table 2), suggesting that TNBC cells are more vul-
nerable to PGK1 inhibition than the luminal breast
cancer cells. The varying responses of HCC70 and
HCC1187 compared to other TNBC subtypes reflect
the heterogeneity amongst TNBCs. A recent study
[14] attributed the different responses to differences
in glutathione metabolism, GPX4 expression, and
oxidative stress adaptation, implying the importance
of considering intragroup heterogeneity when de-
signing ferroptosis-based interventions.

To determine the effect of PGK1 on ferroptosis
activity, we measured and compared the ferroptosis
markers in tumor cells with or without depletion or
inhibition of PGK1. We found that, while Acyl-CoA
synthetase long-chain family member 4 (ACSL4), an
enzyme involved in regulating fatty acid metabolism
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Fig. 2. Depletion of PGK1 Sensitizes Breast Cancer to Ferroptosis. A. Western blotting of ferroptosis biomarkers and PGK1
signaling in TNBCs and non-TNBC cell lines. B. Dose-response curve of the ferroptosis inducer erastin in breast cancer cells. C.
Dose-response curve of the PGK1 inhibitor NG52 in breast cancer cells. D. Western Blotting of ferroptosis biomarkers, PGK1 and
its downstream targets in control and PGK1-depleted MCF7 and MDAMB231 carcinomas. E. Expression of GPX4 mRNA in MCF7
and MDAMB231 cells with or without the depletion of PGK1. F. Colony formation assay. MDAMB468 colonies after treatment
with vehicle, erastin (1.25 uM), NG52(5 uM), or their combination. G. Percentage viability analysis of MDAMB468, MDAMB453,
HCC70, T47D, MCF7, and MDAMB231 cell lines after treatment with vehicle, Erastin, NG52, or their combination. Cells were
treated for 72 hours, except MDA-MB-231 cells, which were treated for 28 hours. Data represent mean + SD from n = 3 indepen-

dent experiments.; t-test (panels E), one-way ANOVA (panels F & G), ns: not significant, * p < 0.05, ** p <0.01, *** p <0.001, **** p
<0.0001.
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Table 2: Viability measurement of human triple-negative breast cancers MDAMB231, BT549, MDAMB468, MDAMB453, HCC1187,
and luminal cancers T47D and MCF7 cell lines treated with increasing doses of PGK1 inhibitor NG52 for 72hours. Data is repre-

sented as the mean + SD (n=6)

Cell line Category IC50 (uM + SEM)
MDAMB231 Triple-Negative 5.0

BT549 Triple-Negative 40.0

MDAMBA468 Triple-Negative 35.0

MDAMB453 Triple-Negative 27.0

HCC1187 Triple-Negative 17.0

HCC70 Triple-Negative 40.0

T47D Luminal 42.0

MCF7 Luminal 75.0

and a driver of ferroptosis, was downregulated in the
PGK1-depleted MCEF7 cells but unchanged in the
PGK1-depleted MDAMB231 cells. GPX4, an anti-
ferroptosis peroxidase, was downregulated in both
PGK1-depleted MCF7 and MDAMB231cells (Fig.
2D), suggesting that loss of PGK1 induces a pro-
ferroptotic shift through the GPX4 pathway in both
cell lines. We also show that PGK1 depletion caused
a relocalization of GPX4 to the nucleus (Supp Fig.
S1A). PGKI1 does not seem to affect the transcription
of GPX4 in TNBCs, as GPX4 mRNA levels were
comparable between the control and the PGKI-
depleted MDAMB231 cells (Fig. 2E). Consistently,
depletion of PGK1 sensitized both triple-negative and
luminal human breast cancers to the erastin-induced
cell death (Supp Fig. 1B & 1C). Notably, ~40% more
ferroptotic cell death was observed in MDAMB468
(Fig. 2F) and MDAMB453 cells treated with the PGK1
inhibitor NG52 as compared with erastin alone, but
only 20% more ferroptotic cell death was detected
in the luminal MCF7 and T47D cells subjected to
NGS52 treatment (Fig. 2G). To further demonstrate
the role of PGK1 in modulating ferroptosis, we
generated the MDAMB231 (human TNBC) and 4T1
(murine TNBC) cells subjected to stable knockdown
of PGK1 (Supp Fig. 1D) and treated them with
the ferroptosis inducer, erastin, in the presence
or absence of ferroptosis inhibitors (ferrostatin-1,
liproxstatin) or apoptosis inhibitor (ZVAD-FMK).
These experiments showed that only the ferroptosis
inhibitors, but not the apoptosis inhibitor, prevented
cell death, suggesting ferroptosis as the primary
cell death mechanism in the PGK1-depleted cells
(Supp Fig. 1E & 1F). In addition, treatment with
the antioxidant N-acetyl cysteine (NAC), a reactive
oxygen species (ROS) scavenger, attenuated cell death
under these conditions, further supporting the role
of oxidative stress in mediating ferroptosis. Potential

off-target effects of NG52 were explored by treating
cells with an alternate PGK1 inhibitor, Z57346765.
We showed that treatment with 257346765 showed
similar effects of NG52 on viability, metabolic, and
ferroptosis-associated markers, supporting the
PGK1-dependent mechanism rather than off-target
effect (Supp Fig. S3A). These results demonstrate
that PGK1 may modulate ferroptosis in breast cancer
cells through altering GPX4 level, with TNBC cells
showing greater sensitivity to PGK1 depletion.

3.3 PGK1-regulated ferroptosis is associated with
metabolism in breast cancer cells.

Since PGK1 is a key glycolytic regulator, we
queried whether PGK1 modulates ferroptosis via
altering glucose metabolism. We found that with
increasing glucose concentrations, ferroptotic
activity increased moderately (Fig. 3A). Treatment
of both luminal and TNBC cell lines with 2DG, a
glycolytic inhibitor, enhanced their sensitivity to the
effect of the ferroptosis inducer erastin (Fig. 3B).
To determine whether modulation of ferroptosis by
PGK1 results from its effect on metabolic signaling,
we compared its downstream targets in the control
and PGK1-depleted cells under ferroptosis-inducing
conditions. We found a consistent downregulation
of pyruvate dehydrogenase (PDH) in PGKI1-
depleted MDA-MB-468 and MCF7 cells, both of
which exhibited increased sensitivity to induction of
ferroptosis (Fig. 3D & 3E). In contrast, MDAMB231
cells, which did not show increased sensitivity to
ferroptosis following PGK1 depletion, displayed an
upregulation of PDH expression under the same
conditions (Fig. 3C & 2G). Notably, other glycolytic
enzymes such as PKM1/2 and LDHA did not show
consistent changes across cell lines, which suggests
that the PGK1-mediated regulation of ferroptosis
was more closely associated with PDH-dependent
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Fig. 3. Metabolic changes associated with PGK1-modulated ferroptosis. A. Effect of glucose deprivation on viability in breast
cancer cell lines during ferroptosis induction. B. Effect of glycolysis inhibition on viability in breast cancer cell lines during ferro-
ptosis induction. Western blotting image of ferroptosis biomarkers, PGK1 expression, and its downstream targets after treatment
with DMSO, NG52, erastin, or their combination in C. MDAMB231, D. MCF7, and E. MDAMB468. Sea horse assay- ECAR analysis in
F. MDAMB468 and G. MDAMB231 cell lines after treatment with vehicle, erastin, NG52, or their combination. Data represent mean
+ SD from n = 3 independent experiments.; one-way ANOVA (panels F, G), ns: not significant, * p < 0.05, ** p <0.01, *** p <0.001,
***¥ p <0.0001.
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metabolic control rather than global modulation
of glycolytic enzymes. This discrepancy might
account for the difference in sensitivity to ferroptosis
induction among those tumor cells. In addition, we
observed an increased ECAR in the PGK1-depleted
MDAMBA468 cells (Fig. 3F), likely a consequence of
a compensatory shift toward glycolysis due to PDH
downregulation, limiting pyruvate oxidation. This
inefficient adaptation might trigger metabolic stress
that enhances ferroptosis sensitivity. On the contrary,
the PGKl-depleted MDAMB231 cells, which
are ferroptosis-insensitive, upregulated PDH to
maintain oxidative metabolism and prevent further
sensitization (Fig. 3G).

To further analyze the role of PDH in PGK1-reg-
ulated ferroptosis, we treated the PGK1-depleted
MDAMB231 cells with hypoxia or oligomycin, an
inhibitor of Adenosine triphosphate (ATP) synthase
and PDH activity. We show that PDH was substan-
tially down-regulated (Fig. 4A) and the sensitivity
to ferroptosis was significantly enhanced in those
treated cells as compared with the control cells (Fig.
4B). Similarly, inhibiting PDH in the PGK1-deplet-
ed MCF7, MDAMB453, and HCC70 cells sensitized
them to the erastin-induced cell death (Fig. 4C).
Notably, 30-hour PDH inhibition produced a cell
death level nearly comparable to 72-hour ferropto-
sis induction in the PGK1-depleted cells (Fig. 4C),
suggesting PDH upregulation as a possible resistance
mechanism. These results imply that PGK1 depletion
can sensitize certain subtypes of breast cancer to fer-
roptosis induction by disrupting metabolic balance,
and this sensitization correlates with PDH down-
regulation. To directly link PGK1 depletion to redox
regulation under ferroptotic stress, we measured
intracellular NADPH levels using the NADP/NA-
DPH-Glo assay. Fig. 4D shows that PGK1 inhibition
significantly reduced NADPH levels in MDAMB468
cells subjected to erastin treatment, an outcome that
was partly rescued by ferroptosis inhibitors, suggest-
ing impaired redox buffering capacity during ferro-
ptosis.

In view of the essential role of GPX4 in lipid per-
oxide detoxification, we determined whether mod-
ulation of GPX4 could influence PGK1-dependent
ferroptosis in tumor cells. Overexpression of GPX4
in MDAMBA468 cell lines restored GPX4 protein lev-
els (Fig. 4E) and significantly reduced erastin and
NG52-induced cell death (Fig. 4F), demonstrating
a functional rescue of ferroptosis sensitivity. Impor-
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tantly, GPX4 overexpression did not restore PDH ex-
pression under these conditions (Fig. 4G), suggesting
that GPX4 and PDH operate as parallel downstream
effectors of PGKI1-mediated metabolic regulation
rather than downstream of each other. Consistent
with these observations, PGK1 depletion increased
lipid peroxidation across multiple breast cancer cell
lines, as evidenced by C11-BODIPY 581/591 oxida-
tion, while this effect was inhibited by ferrostatin-1
or liproxstatin-1 (Fig. 4H), validating ferroptosis-me-
diated lipid ROS accumulation and redox disruption.
Representative flow cytometry plots illustrating these
changes are shown in Supplementary Fig. 4B & 4D.
Notably, erastin and NG52 co-treatment elevated
lipid peroxidation in MDAMB231 without a propor-
tionate loss of viability due to the elevated PDH-me-
diated redox buffering, which suggests that ROS ac-
cumulation alone is not sufficient to drive ferroptosis
cell death.

3.4 Targeting tumoral PGK1 enhances the antitu-
mor activity of the ferroptosis-inducing agent.

To assess the importance of the PGK1-regulat-
ed ferroptosis in vivo, we inoculated mice with the
murine TNBC 4T1 cells with or without depletion
of PGK1, followed by treatment with either vehicle
or imidazole ketone erastin (IKE), a ferroptosis in-
ducer (Fig. 5A). These experiments demonstrated
that IKE significantly slowed tumor growth, with a
more pronounced reduction in tumor volume in the
mice bearing PGK1-depleted tumors as compared
with those with tumors expressing PGK1 (Fig. 5C-
5E). Furthermore, IKE treatment completely abro-
gated lung metastasis in mice bearing the PGK1-de-
pleted 4T1 tumors, whereas mice with control
tumors exhibited metastatic progression (Fig. 6A &
6B). Also, immunohistochemical analysis of tumor
sections showed a progressive reduction in GPX4
expression across the treatment groups, i.e., GPX4
expression was high in the control 4T1-inoculated
(vehicle-treated) tumors, moderately reduced in the
control 4T1-inoculated (IKE-treated) tumors, fur-
ther decreased in the PGK1-depleted 4T1-inoculated
(vehicle-treated) tumors, and completely absent in
the PGK1-depleted 4T1-inoculated (IKE-treated) tu-
mors (Fig. 6C-6E). Consistent with GPX4 alterations,
markedly increased accumulation of the lipid per-
oxidation marker, 4-hydroxynonenal (4-HNE), was
observed in the PGK1-depleted tumors treated with
IKE (Supp Fig. S4A).
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Fig. 4. Effect of metabolic alteration on the sensitivity of breast cancer cells to induction of ferroptosis. A. Western blotting
of ferroptosis biomarkers, PGK1 expression, and its downstream targets in MDAMB231 after treatment with DMSO, NG52, erastin,
or their combination under normoxic or hypoxic conditions for 72 hours. B. Cell viability analysis of the MDAMB231 cell line after
treatment with vehicle, erastin, NG52, or their combination under normoxic and hypoxic conditions for 28 hours. C. Cell viability
analysis of control and PGK1-depleted HCC70, MDAMB453, and MCF7 cell lines following oligomycin treatment under ferropto-
sis-inducing conditions for 30 hours. The data shown in this panel (4A) were obtained from an independent repeat of the exper-
iment to ensure result integrity and to avoid redundancy with Figure 3C. D. Intracellular NADPH levels in MDAMB468 cells after
treatment with DMSO, erastin, NG52, or their combination in the presence or absence of ferroptosis inhibitors. E. Western blotting
image of PDH and GPX4 expression in MDAMB468 cells transduced with an empty vector or GPX4 overexpression plasmid. F.
Cell viability analysis of MDAMB468 GPX4-OE cells treated with vehicle, NG52, erastin, or the combination. G. Western blotting
Image of PGK1, PDH, and GPX4 in MDAMB468 GPX4-OE cells after treatment with DMSO, erastin, NG52, or their combination. H.
Lipid peroxidation in 4T1, MDAMB231, and MCF7 cells assessed by C11-BODIPY 581/591 staining and expressed as the oxidized/
reduced (FITC/PE) fluorescence ratio. Data represent mean + SD from n = 3 independent experiments.; one-way ANOVA (panels B,
C, D, F, H), ns: not significant, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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Fig. 5. Targeting of PGK1 enhances ferroptosis in an orthotopic mouse tumor model. A. Orthotopic mouse tumor model.
Mice were orthotopically implanted with luciferase-transfected 4T1 murine carcinoma cells (1 x 10° cells/ injection, on the 5%
mammary fat pad, n = 5) with or without the depletion of PGK1. On day seven after inoculation, mice were intraperitoneally
injected with Imidazole ketone erastin (40 mg/kg) or vehicle once every day for 14 days to induce ferroptosis. Tumor growth was
constantly monitored with the Lago imaging system. B. Tumor growth rates from Balb/c mice implanted with control or PGK1-de-
pleted L2T-4T1 carcinomas, which were treated with IKE (40 mg/kg) or vehicle. C. luminescence intensity of tumor size from mice
inoculated with control or PGK1-depleted L2T-4T1 carcinomas and treated with IKE (40mg/kg) or vehicle. D. Representative
image of tumors collected from mice inoculated with control or PGK1-depleted L2T-4T1 carcinomas and treated with IKE (40 mg/
kg) or vehicle, and E. their quantitation analysis. Mean + SD; one-way ANOVA, Tumor growth curves were analyzed by two-way
repeated-measures ANOVA followed by Tukey’s multiple-comparison test. Data are mean + SD, n = 5 mice/group (panel B). Mean
+ SD from n = 3 independent experiments.; one-way ANOVA (panels E), ns: not significant, * p < 0.05, ** p <0.01, *** p <0.001, ****
p <0.0001.
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Fig.6. Targeting of PGK1 strengthens antitumor immunity in mouse tumor model. A. Luminescence intensity of L2T-trans-
fected 4T1 carcinoma metastasis in a 24-well organ array plate. B. Quantitation analyses of Fig. 6A. C. Representative images of
tissue section from mice implanted with control or PGK1-depleted L2T-4T1 carcinomas and treated with IKE (40 mg/kg) or vehi-
cle. D. Expressions and quantification of GPX4 and E Caspase-3 are shown. Data represent mean + SD from n = 3 independent
experiments.; one-way ANOVA (panels B, C, F, H, I), ns: not significant, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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4. Discussion

PGK1 was chosen for this study due to its high
expression in aggressive breast cancer subtypes and
its links with poor prognosis as seen in the TCGA
and GEO datasets. Although prior studies have im-
plicated PGK1 in breast cancer progression [15, 16],
its regulation of ferroptosis, an important form of
cell death, has not been well elucidated. Our findings
show that PGK1 depletion not only destabilizes the
ferroptosis regulator GPX4 but also reprograms py-
ruvate metabolism by modulating PDH levels, which
eventually influences the cellular susceptibility to
ferroptosis under normoxic and hypoxic conditions.
While PGK1 has been reported to exhibit protein
kinase activity, whether its kinase function directly
mediates the regulation of GPX4 and PDH remains
unclear and warrants further investigation. These
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insights reveal a previously underappreciated role of
PGKI1 in regulating ferroptosis resistance, offering a
novel metabolic target for therapeutic intervention
in breast cancer. Our results were obtained primar-
ily from multiple human and murine breast cancer
cell models and xenografts. Although the metabolic
link between PGK1 activity, redox homeostasis, and
ferroptosis may well extend to other cancers, the ex-
tent to which this mechanism applies remains to be
determined. Even though we used both pharmaco-
logic inhibitors and siRNA-mediated knockdown to
prove consistent PGK1-dependent effects, we did not
perform rescue experiments using wild-type PGKI.
Such an investigation would further strengthen the
causal relationship and represent an important di-
rection for future research work. Although TNBCs
showed greater vulnerability to ferroptosis compared



to other subtypes, we observed marked differences
in sensitivity amongst TNBCs, with opposing re-
sponses observed between MDA-MB-231 and MDA-
MB-468 cells, likely reflecting innate differences in
their metabolic and redox states. These differences
perhaps could be attributed to the mesenchymal na-
ture and metabolic plasticity of MDA-MB-231 cell
lines, which have a greater reliance on antioxidant
defenses such as the glutathione-GPX4 axis, whereas
the more basal-like MDA-MB-468 is marked by high
EGEFR signaling and elevated sensitivity to oxidative
stress [17, 18]. Therapy-resistant cancer cells have
been widely reported to depend on GPX4-mediated
peroxide detoxification [19, 20], a phenomenon that
is consistent with the findings of this study. Of note,
consistent phenotypes were observed after deplet-
ing PGK1 with two distinct inhibitors, which argues
against off-target effects and attributes ferroptosis
sensitivity to PGK1-dependent metabolic regulation.

The role of PGK1 in cancer remains controver-
sial, with some insights linking its overexpression to
oncogenic activities such as tumor progression and
therapy resistance [21, 22], and others arguing for its
tumoricidal roles, such as its anti-angiogenic disul-
phide reductase activity in Lewis lung cancer [23].
Notwithstanding, how PGK1 metabolically repro-
grams tumor cells to survive under ferroptotic con-
ditions remains to be fully elucidated. Accumulating
evidence has shown the metabolic underpinnings
of ferroptosis, including fatty acid metabolism, iron
handling, mevalonate pathway, and thiol metabolism
on lipid peroxidation, a catalyst for ferroptosis [24-
27]. Here, we show that PGK1 has a role in regulat-
ing the levels of ferroptosis markers ACSL4, FSP1,
ferritin, and GPX4, the anti-ferroptosis defense per-
oxidase. Additionally, we show that PGK1 promotes
ferroptosis resistance through its downstream target
PDH, disagreeing with a previous report that links
PDH to ferroptosis-promoting autooxidation of di-
hydrolipoamides in human fibrosarcoma cells [28].
This discrepancy might be due to cancer-specific
roles of PDH under ferroptosis conditions. Nonethe-
less, we show that PGK1 drives ferroptosis resistance
in MDAMB231 by stabilizing PDH under these con-
ditions, which prevents an inefficient compensatory
glycolytic shift, metabolic stress, extracellular acidi-
fication, and lipid peroxidation, and thereby inhibits
terroptosis. Reduced NADPH availability following
PGK1 depletion in the MDAMB468 cell line, for ex-
ample, provides concrete proof of impaired buffering
during ferroptosis.
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The different responses observed in MDAMB231
under normoxic conditions compared to hypoxia
typify PDH as a vital regulator of ferroptosis suscepti-
bility. Accordingly, PDH expression is sustained un-
der normoxia, which minimizes the combined effect
of erastin treatment and PGKI1 depletion through the
maintenance of redox balance and oxidative metab-
olism [29-32]. On the other hand, during hypoxia or
chemical inhibition of ATP synthase, there is upreg-
ulated phosphorylation by pyruvate dehydrogenase
kinases (PDKs), which degrades PDH, restricting
pyruvate entry into the TCA cycle and causing a
metabolic chokepoint that reduces the overall cellu-
lar reserve [33]. Indeed, while hypoxia tends to limit
the overall ferroptosis extent due to reduced oxygen
availability, PDH degradation appears to worsen their
metabolically vulnerable state, thereby enhancing the
ferroptosis sensitization effect of PGK1 depletion. In
parallel, GPX4 governs the ferroptosis threshold by
detoxifying lipid peroxides. Hence, when PGK1 de-
pletion impairs glycolytic compensation and PDH
loss constrains mitochondrial metabolism, the buff-
ering capacity that supports GPX4 is reduced, there-
by sensitizing cells to lipid peroxidation.

The working model of this study was curated as
shown in Supp Fig S2A, which explains how PGK1
and PDH influence ferroptosis sensitivity under nor-
moxic and hypoxic conditions. This diagram con-
nects our findings with known metabolic pathways to
provide a merged mechanistic framework. While we
show that genetic and pharmacologic modulation of
PGK1 alters ferroptosis sensitivity and redox balance,
we acknowledge that not all observed relationships
imply direct causation at the level of individual met-
abolic fluxes. An important mechanistic insight from
this study is that PDH downregulation and GPX4
destabilization occur in parallel rather than in a hi-
erarchical manner following PGK1 depletion. Thus,
while PDH influences metabolic flexibility and fer-
roptosis sensitivity through mitochondrial oxidative
metabolism on one hand, GPX4 independently regu-
lates lipid peroxide detoxification and ferroptosis ex-
ecution on the other. This was validated by the GPX4
overexpression experiments, which mitigated ferro-
ptosis sensitivity without restoring PDH, suggesting
cooperation between these pathways in ferroptosis
sensitization.

In this study, we show the therapeutic potential
of targeting PGK1 in combination with ferropto-
sis-inducing agents. Although we observed that IKE
treatment shrinks tumors in immune-competent
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BALB/c mice, the effect of PGK1 depletion during
IKE treatment is striking, which shows the abroga-
tion of both micro and macroscopic tumor metas-
tasis to the lungs. Beyond its role in glycolysis and
immunomodulation, PGK1 has been reported to
regulate autophagy and survival through the stress-
linked AMPK-mTOR signaling axis. Interestingly, the
therapeutic combination of activators of the AMPK-
mTOR pathway, such as metformin and rapamycin,
has shown strong efficacy in TNBC models [34-36],
leaving a window to explore co-targeting PGK1 with
modulators of the AMPK-mTOR pathway for ferro-
ptosis enhancement. Moreover, promising inhibitors
such as CBR-470-1 and Ilicicolin H, which disrupt
PGK1 enzymatic activity, and concurrently inhibit
PGK1 and mitochondrial complex III, respectively,
have been reported to exhibit anticancer effects in
preclinical models [37] The success recorded by these
strategies in cancer treatment indicates that PGK1 is
a druggable target, which, when combined with the
approaches mentioned earlier, can potentially broad-
en therapeutic strategies, especially in metabolically
active and therapy-resistant subtypes of malignancies
such as TNBC.

Taken together, this study identifies PGKI1 as
a mediator of ferroptosis resistance and provides
a rationale for targeting PGK1 in conjunction with
ferroptosis induction as a potential therapeutic strat-
egy for aggressive breast cancers such as TNBC. By
simultaneously inhibiting tumor growth and enhanc-
ing ferroptosis sensitization, this approach might of-
fer a multifaceted attack on cancer cells for improving
response to ferroptosis induction.
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Supplementary Fig. S1. PGK1 Depletion and Ferroptosis Sensitivity in Breast Cancer Cells. A. Representative images of PGK1
and GPX4 staining in control and PGK1-depleted MCF7 cell line and their quantification. B. Representative images and quantifi-
cation of crystal violet-stained colonies in MCF7 cells and C. 4T1 cells treated with vehicle, erastin (1.25 uM), NG52 (5 uM), or their
combination. D. Representative images of control and stable PGK1-depleted 4T1 and MDAMB231 cell lines. E. Percentage Cell
viability analysis of human MDAMB231 and F. murine 4T1 carcinomas after treatment with vehicle, erastin only, or in combination
with cell death inhibitors ZVAD-FMK, Liproxstatin, Ferrostatin, and N-acetyl-cysteine (NAC). Mean + SD; one-way ANOVA, ns: not
significant, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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Supplementary Fig. S2. PGK1

regulates ferroptosis sensitivity and patient prognosis
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in breast cancer.

A schematic model illustrates how PGK1 maintains PDH-dependent mitochondrial metabolism and cooperates in parallel with
GPX4 to preserve redox homeostasis, thereby restraining ferroptosis. B. Percentage Cell viability analysis of MDAMB231 cells after
treatment with vehicle, erastin, siRNA (PGK1), or their combination. C. Kaplan-Meier survival curves showing that high PGK1 ex-
pression correlates with shorter post-progression survival. D. High PGK1 expression correlates with shorter Relapse-Free Survival
in BC. E High PGK1 expression correlates with shorter Overall Survival (OS) in Luminal A BC but not in F. HER2-enriched breast
cancer (p = 0.36). or G. Triple-Negative breast cancer (p = 0.2). Data source: Kaplan-Meier Plotter (Gyérffy et al., Comput. Struct.
Biotechnol. J. 2021), integrating GEO Affymetrix microarray and TCGA RNA-seq cohorts with OS, RFS, and DFS endpoints. Mean +
SD; one-way ANOVA, ns: not significant, * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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Supplementary Fig. S3. Validation of PGK1-dependent ferroptosis sensitization using an independent PGK1 inhibitor.

A. Percentage cell viability of MDAMB231, 4T1, and MDAMBA468 cells after treatment with vehicle, the alternative PGK1 inhibitor
757346765, erastin, or their combination with or without Fer-1 for 72 hours. B. Western blotting Image of PGK1, ferroptosis, and
metabolism-associated proteins in MDAMB231 and MCF7 cells treated with vehicle, erastin, Z57346765, or their combination.
Statistical significance was determined by one-way ANOVA (panel A) with appropriate multiple-comparison testing. C. Immuno-
fluorescence staining of GPX4 expression in MDAMB468 cells that were treated with vehicle, erastin, NG52, or their combinations,
with or without ferroptosis ferrostatin-1 or liproxstatin-1.* p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001; ns, not significant. Data
are presented as mean + SD from n = 3 independent experiments.
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Supplementary Fig. S4. PGK1 depletion promotes ferroptosis-associated lipid peroxidation

A. Representative images of 4-hydroxynonenal (4-HNE) immunohistochemical staining of 4T1 tumor sections from shC and
shPGK1 tumors treated with vehicle or IKE, and their quantification. B. Representative flow cytometry dot plots of C11-BODIPY
581/591 staining in. 4T1, C. MDAMB231, and D. MCF7 cells treated with vehicle, erastin, NG52, or their combination, in the pres-
ence or absence of ferrostatin-1 or liproxstatin-1. Data are presented as mean + SD from n = 3 independent experiments. Statisti-
cal significance was determined by one-way ANOVA (panel A) with appropriate multiple-comparison testing. * p < 0.05, ** p <0.01,
**¥* p <0.001, **** p <0.0001; ns, not significant.
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