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Targeting ferroptosis resistance resensitizes metastatic
HR+HER2− breast cancer cells to palbociclib-hormone
therapy

Metastatic hormone receptor-positive (HR+), human epi-
dermal growth factor receptor 2-negative (HER2−) breast
cancer often develops resistance to first-line treatment,
typically combining cyclin-dependent kinase 4 and 6
inhibitors (CDK4/6i) with hormone therapy (HT) [1, 2].
After an initial response, most patients become resistant,
and compensatory mechanisms are not fully uncovered
[3]. To address this, we analyzed HR+ resistant CAMA1
and 747D cells using whole-exome and RNA sequenc-
ing, supplemented by proteomics and target validation
with human samples. Additionally, we conducted combi-
nation therapy trials using xenografts and patient-derived
xenografts (PDXs). Detailed study designs andmethods are
provided in the Supplementary file.
In a cohort of 27 patients with metastatic breast can-

cer, we observed reduced progression-free survival in
second- and third-line therapies following progression
post palbociclib-HT treatment (Supplementary Figure S1A
and Supplementary Table S1). Resistant tumors showed
reduced estrogen receptor alpha (ERα) and progesterone
receptor (PR) and increased proliferation rates (Supple-
mentary Figure S1B-D). CAMA1 and T47D cells, treated
with palbociclib and fulvestrant (PF) for 2 years, developed
resistance (CAMA1-PFR and T47D-PFR) confirmed by
proliferation assays and elevated half-maximal inhibitory
concentrations. Resistant cells exhibited reduced levels of
ERα and retinoblastoma protein (Supplementary Figure
S2). Exome analysis revealed no drug resistance-related
mutations (Supplementary Tables S2-S3), suggesting non-
genetic factors.

Abbreviations: CD36, cluster of differentiation 36; CDK4/6,
cyclin-dependent kinase 4 and 6; ERα, estrogen receptor alpha; FABP6,
fatty acid binding protein-6; FABP7, fatty acid binding protein-7; GPX4,
glutathione peroxidase 4; GSH, reduced glutathione; HER2, epidermal
growth factor receptor 2; HNE, hydroxynonenal; HR, hormone receptor;
HT, hormone therapy; PDX, patient-derived xenografts; PPARγ,
proliferator-activated receptor gamma; ROS, reactive oxygen species.
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RNA sequencing of T47D cells treated with DMSO
or PF for 20 days and T47D-PFR cells revealed 1,172
upregulated genes and 824 downregulated genes in the
resistant cells (Supplementary Figure S3A). Gene set
enrichment analysis indicated increased fatty acid local-
ization (Supplementary Figure S3B), with a heatmap
showing elevated fatty acid uptake andmetabolism-related
genes, such as fatty acid binding protein-6 (FABP6),
FABP7, cluster of differentiation-36 (CD36), and pro-
teasome proliferator-activated receptor-gamma (PPARγ)
in T47D-PFR cells (Figure 1A). Lipid droplets accumu-
lated in PF-treated parental and PF-resistant T47D and
CAMA1 cells (Figure 1B and Supplementary Figure S3C).
FABP6 levels were elevated in PF-treated parental and PF-
resistant cells, with CD36 overexpression unique to T47D-
PFR cells at both protein and mRNA levels (Figure 1C and
Supplementary Figure S3D-E), suggesting that lipid uptake
might be an adaptive response to oxidative stress [4, 5].
This was supported by elevated reactive oxygen species
(ROS) levels in PF-treated parental cells (Figure 1D). Fur-
thermore, proteomic analysis in human biopsies revealed
a functional network of 11 oxidative stress-triggered pro-
teasomes (Supplementary Figure S4A and Supplementary
Tables S4-S5) as indicators of oxidative stress [6]. Immuno-
histochemistry validated increased proteasome subunit
alpha type-7 (PSMA7) in resistant biopsies (Supplementary
Figure S4B).
We investigated whether cell survival is affected by

ferroptosis—a type of non-apoptotic cell death linked
to lipid peroxidation. GPX4 protein, the main protector
against ferroptosis, was overexpressed in parental cells
after PF treatment and in PF-resistant cells, even after drug
wash-out, with no changes in mRNA levels (Figure 1E and
Supplementary Figure S5A-C). Silencing GPX4 expression
reduced cell proliferation in parental and PF-resistant cells
(Supplementary Figure S5D-F), indicating their reliance
on GPX4. GPX4 overexpression was also observed in
resistant human tumors (Figure 1F).
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F IGURE 1 Ferroptosis inducers overcome resistance of HR+HER2− breast cancer cells to palbociclib-hormone therapy. (A) Heatmap of
upregulated genes (red) or downregulated genes (blue) during the treatment of T47D cells with PF combination for 20 days, and in
PF-resistant cells (T47D-PFR) after continuous PF treatment for 2 years, compared to parental T47D cells treated with vehicle (DMSO). All
represented genes had a P value < 0.05. (B) Lipid droplet detection by BODIPY 493/503 staining in parental CAMA1 and T47D cells after
treatment with the PF combination for 20 days, and in CAMA1-PFR and T47D-PFR cells after continuous PF treatment for 2 years. DAPI
staining was used to visualize the nuclei. (C) Western blot analysis of FABP6 and CD36 in parental CAMA1 and T47D cells after treatment
with the PF combination for 20 days, and in CAMA1-PFR and T47D-PFR cells after continuous PF treatment for 2 years. (D) Measurement of
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Cells were treated with the GPX4 inhibitor RAS-
selective lethal 3 (RSL3) and the antioxidant Trolox for 6
days. CAMA1 and T47D cells were insensitive to RSL3,
whereas CAMA1-PFR and T47D-PFR cells showed high
sensitivity to RSL3 (Figure 1G). Trolox reversed RSL3’s
effect in both cell lines (Figure 1G), highlighting the role of
GPX4 in PF-resistant cell proliferation. Due to unverified
safety of RLS3, we used eprenetapopt (Ep), a p53 activator
and GSH depletory [7] proven safe in hematological can-
cer patients [8]. In vitro, CAMA1 and CAMA1-PFR cells
were sensitive to Ep, while T47D cells were insensitive;
T47D-PFR showed higher sensitivity (Figure 1H).
To investigate the effect of pharmacologically induced

ferroptosis on the palbociclib-fulvestrant response in vivo,
we used nudemice implantedwith estrogen pellets. Due to
its low pharmacokinetics in mouse plasma [9], RSL3 was
administered via intratumoral injection.Mice were treated
with vehicle, PF, Ep, RSL3, a combination of palbociclib-
fulvestrant and eprenetapopt (PFEp), or a combination
of palbociclib-fulvestrant and RSL3 (PF-RSL3). PF effec-
tively inhibited the growth of theCAMA1 xenografts, while
CAMA1-PFR tumors were insensitive (Figure 1I and J).
RSL3 alone did not affect CAMA1-PFR tumor growth,
whereas PF-RSL3 demonstrated a strong antitumor effect
(Figure 1J), suggesting that RSL3 sensitizes CAMA1-PFR
cells to PF, or vice versa. Similarly, Ep alone did not inhibit
CAMA1-PFR tumor growth, but its combination with PF
completely abolished tumor growth (Figure 1J).

To evaluate treatment effects on proliferation and cell
death, we assessed Ki67, caspase-3 and hydroxynone-
nal (HNE) in tumors by immunohistochemistry. Parental
CAMA1 tumors treated with PF showed a significant
decrease in Ki67, with no effect on caspase-3, while
CAMA1-PFR tumors exhibited no significant changes in
either marker after treatment with PF, PFEp, or PF-RSL3
(Supplementary Figure S6A-D). HNE labeling revealed
no difference between PF- and vehicle-treated CAMA1
tumors (Supplementary Figure S6E), but HNE increased
moderately in CAMA1-PFR tumors treated with RSL3
and significantly with PFEp or PF-RSL3 (Supplementary
Figure S6F), indicating potential cell death by ferrop-
tosis. No treatments affected CD36 expression in either
tumor type, although CAMA1-PFR xenografts showed sig-
nificantly increased basal expression compared to human
biopsies (Supplementary Figure S6G-J).
To strengthen the translational impact of our find-

ings, we used patient-derived xenografts (PDXs) from
HR+HER2− breast cancer patients without p53 muta-
tions (Supplementary Figure S7A) [10]. Consistent with
human samples, GPX4 protein was upregulated in the
palbociclib-HT-resistant PDX model (HBCx-180) com-
pared to the palbociclib-HT-naïve PDX model (HBCx-124)
(Supplementary Figure S7B). While GPX4 mRNA levels
were unaffected in resistant cells, its expression was
significantly higher in HBCx-180 (Supplementary Figure
S7C), suggesting specific transcriptional/translational

ROS levels by DCFDA ROS assay in parental CAMA1 and T47D cells and in CAMA1-PFR and T47D-PFR cells treated for 5 days with DMSO
or PF. Continuous PF treatment for resistant cells was discontinued 3 days prior to the assay. (E) Western blot analysis of GPX4 in parental
CAMA1, T47D and ZR75.1 cells after treatment with PF combination for 20 days and in CAMA1-PFR, T47D-PFR and ZR75.1-PFR cells after
continuous PF treatment for 2 years. (F) Immunohistochemistry analysis (images) and quantification (bar chart) of GPX4-positive cells in
biopsies of patients taken before treatment with palbociclib-HT or after resistance (*P < 0.05). (G) Assessment of cell proliferation according
to the fold change in confluence in parental and PF-resistant CAMA1 and T47D cells treated with DMSO, the ferroptosis inducer RSL3 (1
µmol/L), the ferroptosis inhibitor Trolox (10 µmol/L), or a combination of both for 7 days. Continuous PF treatment for resistant cells was
discontinued 3 days prior to the assay. (H) Assessment of cell proliferation according to the fold change in confluence in parental and
PF-resistant CAMA1 and T47D cells treated with different combinations of DMSO, palbociclib (P) (0.3 µmol/L), fulvestrant (F) (30 nmol/L),
or eprenetapopt (Ep) (25 µmol/L) for 7 days. Continuous PF treatment for resistant cells was discontinued 3 days prior to the assay. (I, J)
Tumor growth curves of parental CAMA1 (6 mice per group) (I) and CAMA1-PFR (8 mice per group) (J) xenografts treated with different
combinations of palbociclib (P) 75 mg/kg daily, fulvestrant (F) 50 mg/kg once a week, and eprenetapopt (Ep) 150 mg/kg, 2 times/day or RSL3
100 mg/kg by intratumoral injection every two days for two weeks (***P < 0.001). (K) Growth curves of palbociclib-HT-naïve HBCx-124 PDXs
(5 mice per group) treated with different combinations of palbociclib (P) 75 mg/kg daily, fulvestrant (F) 50 mg/kg once a week, and
eprenetapopt (Ep) 150 mg/kg, 2 times/day (***P < 0.001). (L) Growth curves of palbociclib-HT-resistant HBCx-180 PDXs (8 mice per group)
treated with different combinations of palbociclib (P) 75 mg/kg daily, fulvestrant (F) 50 mg/kg once a week, and eprenetapopt (Ep) 150 mg/kg,
2 times/day. The difference between the measured tumor volumes was significant between the “vehicle” group and the eprenetapopt +
fulvestrant + palbociclib (FPE) group from Day 25 until the end of the experiment (P < 0.05). Tumor evolution formula is (Vf − V0 / V0) ×
100%, where V0 is the initial volume and Vf is the final volume measured at each time point.
Abbreviations: CD36, cluster of differentiation 36; DAPI, 4′,6-diamidino-2-phenylindole; DCFDA, 2′,7′-Dichlorofluorescin Diacetate; DMSO,
dimethyl sulfoxide; Ep, eprenetapopt; FABP6, fatty acid binding protein 6; GPX4, Glutathione peroxidase 4; HR+HER2−, hormone receptor
positive and human epidermal growth factor receptor-2 negative; HT, hormone therapy; PDX, patient-derived xenograft; PF,
palbociclib-fulvestrant; PF RSL3, palbociclib-fulvestrant-RSL3; PFE, palbociclib-fulvestrant-eprenetapopt; ROS, reactive oxygen species,
RSL3, ras-selective lethal small molecule 3; Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid.
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regulation differing between in vitro and in vivo con-
texts. In the HBCx-124 model, all the tumors (n = 5)
responded well to PF, with no added benefit from Ep
(PFEp), although a partial response to Ep monotherapy
was observed (Figure 1K). Conversely, the HBCx-180
model showed no significant response to PF or Ep, with
significant differences in tumor volumes between PFEp
and vehicle and Ep groups from Day 25 onward (P < 0.05)
(Figure 1L). These results confirm that adding Ep to PF in
PF-resistant tumors produces a strong antitumor effect.
Ki67 labeling decreased with PF in the HBCx-124 PDX but
not in the HBCx-180 PDX (Supplementary Figure S8A-B).
Aside from reduction in caspase-3 labeling in the HBCx-
124 treated with PF, no significant changes were observed
with Ep or PFEp, and none of the treatment conditions
affected HBCx-180 (Supplementary Figure S8C-D), indi-
cating that proliferation and apoptosis are not affected in
HBCx-180. HNE labeling suggested that PF promoted fer-
roptosis inHBCx-124,while only tumors treatedwith PFEp
in HBCx-180 exhibited significant HNE increase com-
pared to vehicle (Supplementary Figure S8E-F). PF slightly
increased HNE in HBCx-124 without significance but the
only vulnerability of HBCx-180 is attributed to ferroptosis
induced with PFEp. The p53-dependent antitumor effect
of eprenetapopt was excluded, as p53 expression was sim-
ilar in parental and PF-resistant cells and in PDXs, while
slightly elevated in resistant human tumors (Supplemen-
tary Figure S9). Finally, the addition of Ep or RSL3 to PF
did not induce significant renal, hepatic, or hematological
toxicity in mice (Supplementary Figure S10).
In conclusion, HR+HER2− tumors resistant to

palbociclib-HT are vulnerable to ferroptosis inducers,
highlighting the potential of collateral drug sensitivity
and the promise of developing pro-ferroptosis agents
for treating drug-resistant metastatic breast cancer
(Supplementary Figure S11).
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