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C A N C E R

Acetyl-CoA carboxylase 1 controls a lipid 
droplet–peroxisome axis and is a vulnerability of 
endocrine-resistant ER+ breast cancer
Marina Bacci1†, Nicla Lorito1†, Alfredo Smiriglia1, Angela Subbiani1, Francesca Bonechi1, 
Giuseppina Comito1, Ludivine Morriset2, Rania El Botty2, Matteo Benelli3,  
Joanna I. López-Velazco4, Maria M. Caffarel4,5, Ander Urruticoechea4,6, George Sflomos7,  
Luca Malorni3, Michela Corsini8, Luigi Ippolito1, Elisa Giannoni1, Icro Meattini1,9,  
Vittoria Matafora10, Kristina Havas10, Angela Bachi10, Paola Chiarugi1, Elisabetta Marangoni2, 
Andrea Morandi1*

Targeting aromatase deprives ER+ breast cancers of estrogens and is an effective therapeutic approach for these 
tumors. However, drug resistance is an unmet clinical need. Lipidomic analysis of long-term estrogen-deprived 
(LTED) ER+ breast cancer cells, a model of aromatase inhibitor resistance, revealed enhanced intracellular lipid 
storage. Functional metabolic analysis showed that lipid droplets together with peroxisomes, which we showed 
to be enriched and active in the LTED cells, controlled redox homeostasis and conferred metabolic adaptability to 
the resistant tumors. This reprogramming was controlled by acetyl-CoA-carboxylase-1 (ACC1), whose targeting 
selectively impaired LTED survival. However, the addition of branched- and very long–chain fatty acids reverted 
ACC1 inhibition, a process that was mediated by peroxisome function and redox homeostasis. The therapeutic 
relevance of these findings was validated in aromatase inhibitor–treated patient-derived samples. Last, targeting 
ACC1 reduced tumor growth of resistant patient-derived xenografts, thus identifying a targetable hub to combat 
the acquisition of estrogen independence in ER+ breast cancers.

INTRODUCTION
Endocrine therapies have revolutionized the clinical management of 
estrogen receptor–positive (ER+) breast cancer, which accounts for 
70% of all breast cancers diagnosed (1). Of the endocrine agents 
available, aromatase inhibitors (AIs), which induce estrogen depri-
vation, are superior to agents such as tamoxifen and fulvestrant that 
compete with ER, particularly in postmenopausal women (2) and in 
high-risk premenopausal patients in combination with ovarian sup-
pression (3). However, a nonnegligible number of patients relapse 
during endocrine therapy (4). Identifying the potential mechanisms 
associated with either de novo or acquired resistance is therefore an 
unmet clinical need (5).

Metabolic reprogramming is involved in AI resistance. Of relevance 
for the current study, we and others have previously reported that 
ER+ breast cancer cells cultured long-term under estrogen depriva-
tion (LTED), a clinically relevant model of breast cancers that develop 

resistance to AI treatment, are characterized by enhanced glucose, 
cholesterol, and selective amino acid metabolic dependency (6–10). 
In addition, the balance between de novo fatty acid synthesis (FAS) 
and lipid breakdown, known as fatty acid beta-oxidation (FAO), is 
essential for sustaining tumor progression and therapy response (11). 
The rate-limiting step of FAS is catalyzed by acetyl-CoA carboxylase 
(ACC), which generates malonyl-CoA from acetyl-CoA. Two differ-
ent isoforms of ACC have been described: acetyl-CoA carboxylase 1 
(ACC1) and ACC2, which display similar catalytic activity, although 
different compartmentalization and functions have been attributed 
to each. ACC2 is located at the mitochondria surface and generates 
malonyl-CoA that inhibits the carnitine palmitoyl transferase 1 
(CPT-1), hence preventing FA entry into the mitochondria to drive 
FAO. In contrast, malonyl-CoA generated by cytosolic ACC1 is used 
by fatty acid synthase (FASN) for de novo FAS in a process that re-
quires NADPH (reduced form of nicotinamide adenine dinucleotide 
phosphate) (12).

On a cellular level, lipid droplets (LDs) have a major role in bal-
ancing de novo lipogenesis and FAO. It is now established that LDs 
are not solely storage hubs for neutral lipids but are dynamic organ-
elles with essential biological and metabolic functions (13). Cru-
cially, in nonlipogenic tissues, LDs accumulate when cells are under 
stress conditions, and increased LDs were reported in various neo-
plastic processes (14–16). Moreover, LDs can function as a link be-
tween mitochondria and peroxisomes, providing an intracellular 
network controlling lipid metabolism (17). In mammals, most FAO 
occurs in mitochondria, but peroxisomes are essential for the oxida-
tion of very long–chain fatty acids (VLCFAs) and branched-chain 
fatty acids (BCFAs). Recent findings indicate that LDs and peroxi-
somes cooperate in controlling lipolysis and reactive oxygen species 
(ROS) handling during non-alcoholic fatty liver disease progression 
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(18). However, little is known about the role of peroxisomes in con-
trolling metabolic deregulation during cancer progression (19).

In particular, a role for peroxisome- and LD-dependent meta-
bolic reprogramming and the implication in response and resistance 
to therapy in breast cancer have yet to be explored. Here, we show 
that targeting ACC1 restrains the lipid metabolic plasticity of AI-
resistant breast cancers altering the cross-talk between LDs and per-
oxisomes, thus validating a potential metabolic vulnerability of 
clinical and prognostic relevance in endocrine resistance.

RESULTS
Estrogen-independent ER+ breast cancer cells show 
NF-κB–dependent aberrant lipid metabolism that enhances 
intracellular lipid deposition
LTED cells are derived from parental cells by culturing in the ab-
sence of estradiol (E2) for 6 to 12 months. This is an established 
model to study AI resistance (Fig. 1A) (7, 20). Aberrant lipid me-
tabolism is a trait of resistant cancers. Enrichment analysis of pa-
rental ER+ MCF7 cells [also referred as wild-type (WT)] and LTED 
counterparts suggested a potential role of adipogenesis (14 gene 
sets; P-adj < 0.05) and lipid metabolism (90 gene sets; P-adj < 0.05) 
in AI resistance (data file S1). To address the potential metabolic 
differences related to lipid metabolism in endocrine therapy resis-
tance, we subjected to lipidomic analysis an isogenic model in 
which parental ER+ MCF7 cells were compared with LTED deriva-
tives. Cell lysis was performed on three independent replicates, and 
total lipids were extracted and subjected to mass spectrometry 
analysis [nano-liquid chromatography–electrospray ionization–
tandem mass spectrometry (nLC-MS/MS)] (21). Lipidomic analy-
sis identified 2109 lipid species (data file S2). Principal components 
analysis (PCA) of the identified entities showed a separation be-
tween the samples derived from either parental or LTED cells 
(Fig. 1B, left). Of the lipid species identified, glycerolipids are those 
with a major contribution to the differential clustering between pa-
rental and LTED samples (fig. S1A). LipidSig (22) analysis showed 
that LTED cells are enriched in triglycerides, glycerophospholipids, 
and cholesteryl esters compared with parental cells (fig. S1B). LIpid 
ONtology (LION) enrichment analysis (23) revealed lipid storage, 
LDs, and triacylglycerols as the most significant enriched lipidomic 
terms (Fig. 1B, right). Moreover, enrichment analysis of the tran-
scriptomic data [GOCC_LIPID_DROPLET (P-adj = 0.0001) and 
GOBP_LIPID_STORAGE (P-adj = 0.0005); data file S1] supported 
the lipidomic data. To determine whether the enrichment analyses 
were paralleled by a change in the intracellular lipid deposition and 
whether this could be a feature of cells modeling AI resistance, we 
stained a panel of isogenic LTED cell lines with the fluorescent neu-
tral lipid dye BODIPY493/503, which is retained in LDs. Confocal 
image quantification showed that LTED cells were enriched in LD 
content (Fig. 1C). Moreover, LTED cells expressed higher amounts 
of Perilipin (PLIN) family proteins, namely, PLIN4 and PLIN5, that 
were interspersed in the phospholipid layer of LDs (fig. S1C) and 
enhanced in LD-high expressing cells (13).

To examine whether the increase in LD content is a consequence 
of enhanced dependency on de novo lipogenesis, cells were cultured 
in media supplemented with radiolabeled 14C-glucose. Labeling of 
intracellular 14C-lipids revealed an increase in LTED de novo lipo-
genesis compared with parental cells (Fig. 1D). The increased LDs of 
LTED cells were independent of the charcoal-dextran stripped 

serum (DCC) used for LTED cell culture (fig. S1D), which is exclu-
sively deprived of free cholesterol as previously shown by LC-MS/
MS analysis (24). In line with an enrichment in glucose-dependent 
lipid content in the LTED cells, quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) and Western blot analyses 
showed increased abundance of adenosine triphosphate (ATP) ci-
trate lyase (ACLY) and FASN together with activation of ACC1 (re-
vealed by its decreased phosphorylation; Fig. 1, E and F) but not of 
ACC2 (fig. S1E), an enzymatic asset associated with de novo lipo-
genesis. Because the activation of transcription factor nuclear factor 
κB (NF-κB) has been associated with endocrine therapy resistance 
(25) and it is established that NF-κB controls lipid metabolism, at 
least in the cancer context (26), we postulated that the lipid meta-
bolic reprogramming of the LTED cells could be NF-κB dependent 
(26 NF-κB–related gene sets are associated with LTED transcriptom-
ic profile; P-adj < 0.05; table S1). The administration of the selective 
IκB kinase inhibitor [5-(p-fluorophenyl)-2-ureido]thiophene-3-
carboxamide (TPCA-1), known to impair NF-κB activation, had a 
higher effect in reducing cell survival in the LTED than the WT 
MCF7 cells (Fig.  1G). Crucially, TPCA-1 administration reduced 
ACC1 activation (indicated by increased phosphorylation) and 
ACLY abundance (Fig.  1H), a reprogramming that inhibited de 
novo FAS, as revealed by 14C-tracing experiments (Fig.  1I and 
fig. S1F) and LD accumulation (Fig. 1J and fig. S1G) in LTED cells.

LD-dependent lipid mobilization sustains 
estrogen independence
It has been reported that a subset of breast cancer cells responsible 
for tumor recurrence show concomitant enhanced lipogenesis and 
oxidative capacity (16). Our previous gene set enrichment analysis 
revealed a positive association with the gene set FATTY_ACID_
OXIDATION [M14568, normalized enrichment score (NES): 1.61; 
P = 0.018 (7)] and the LTED transcriptomic profile, suggesting po-
tential enhancement of FAO in LTED cells. Lipid-dependent oxida-
tive capacity was assessed by real-time measurement of the oxygen 
consumption rate (OCR) using Seahorse analysis. A mitochondrial 
stress test revealed that basal and maximal respiration were signifi-
cantly higher in LTED than in WT cells (Fig. 2A). Blocking lipid 
entry into mitochondria using the CPT-1 inhibitor etomoxir de-
creased the respiratory capacity of WT cells. In contrast, LTED cells 
were marginally affected (Fig. 2A and fig. S2A). The Seahorse mito 
fuel flex test, which revealed the relative contribution of glucose, 
glutamine, and long-chain fatty acid (LCFA) oxidation to oxidative 
metabolism under metabolic constriction, confirmed the enhanced 
metabolic flexibility of LTED cells (Fig.  2B). Because LDs have a 
prominent role during nutrient starvation (27), we cultured WT and 
LTED cells in low glucose and low serum conditions (limited me-
dium). Three-day limited culturing conditions had a major impact 
on WT cell survival with only a minimal effect in LTED cells 
(Fig. 2C). Upon limited conditions, etomoxir had a substantial effect 
in reducing OCR as revealed by Seahorse analysis (Fig.  2D and 
fig. S2B) and affected LTED cell survival (Fig. 2E). Therefore, the 
lipid-dependent oxidative capacity of LTED cells could be fueled by 
internal lipid depots. Limited culture conditions rapidly reduced LD 
content within LTED cells but increased LD content in WT cells 
(Fig.  2F), a phenomenon that has been associated with nutrient 
stress conditions (28). Adipose triglyceride lipase (ATGL) mediates 
lipolysis of triacylglycerols stored in LD, and its expression was 
higher in LTED compared with parental cells (fig. S2C). Confocal 
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analysis and subsequent quantification of BODIPY493/503 showed 
that ATGL inhibition (atglistatin, ATGLi) abrogated the LD con-
sumption induced by limited culture conditions (Fig. 2F). On the 
basis of this observation, a longer ATGLi treatment (72 hours) in 
combination with nutrient starvation reduced LTED cell survival 
(Fig. 2G), suggesting that LD mobilization may sustain the AI de-
sensitization properties of LTED cells. ATGLi impaired the oxida-
tive capacity of LTED cells during limited culturing conditions, as 
shown by OCR impairment (Fig. 2, H and I, and fig. S2, D and E), 

demonstrating a key role of LD-dependent lipid catabolism in sus-
taining the energetic capacity of LTED cells.

PLIN2 expression after neoadjuvant endocrine therapy 
predicts endocrine therapy resistance
To validate whether the LD presence is associated with anti-estrogen 
therapy response in the clinic, we examined a cohort of patients 
with ER+ breast cancer who underwent neoadjuvant endocrine 
therapy (NET) in the preoperative setting (Fig.  3A) (29). In such 

A B
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E F

H I J

G

Fig. 1. LTED cells show enhanced LDs sus-
tained by de novo lipogenesis. (A) Schematic 
representation of the in vitro LTED model, which 
mimics development of resistance to AIs in pa-
tients. (B) PCA of sensitive and resistant MCF7 
lipidomic profiles (left). LION enrichment analysis and 
correlation between LTED profile and LD-related 
signatures (right). (C) Confocal analysis of paren-
tal and LTED cells. Representative BODIPY493/503-
stained cells are shown [orange/yellow: LD; blue: 
4′,6-diamidino-2-phenylindole (DAPI), nuclei] with 
quantification of BODIPY spots per cell. Scale bar, 
10 μm. n = 3 biological replicates in ≥3 technical 
replicates. (D) LTED and MCF7 breast cancer cells 
were cultured overnight in medium containing 
14C glucose. Lipids were extracted and radioac-
tive signal was measured to monitor 14C glucose 
incorporation into lipids. Values were normal-
ized by protein content. (E) Western blot analysis 
of total protein lysate from MCF7, T47D, and 
HCC1428 parental cells and their corresponding 
LTED derivatives using indicated antibodies. 
(F) LTED-derived and parental cells analyzed by qRT-
PCR analysis. Fold enrichment is relative to paren-
tal cells. (G) MCF7-LTED and parental cells were 
treated with increasing TPCA-1 concentrations 
for 3 days and subjected to crystal violet survival 
assay. n = 3 biological replicates. (H) Total protein 
lysates from MCF7 and MCF7-LTED cells treated 
with 1.75 μM TPCA-1 for indicated times were 
subjected to Western blot analysis with indicated 
antibodies. (I) WT and LTED MCF7 cells were treat-
ed with 1.75 μM TPCA1 for 24 hours and cultured 
overnight in medium containing 14C glucose. Lip-
ids were extracted and to measure 14C glucose 
incorporation into lipids. Values were normalized 
by protein content. n = 4 biological replicates in 
three technical replicates. (J) MCF7-LTED cells 
were treated with 1.75 μM TPCA1 for 24 hours 
and subjected to confocal analysis (orange yel-
low: LD; blue: DAPI, nuclei). LDs were quantified. 
Representative images shown. Scale bar, 10 μm. 
n = 3 biological replicates; each point is a techni-
cal replicate.  Data are mean ± SEM. (D, F, and I) 
Student’s t test. (G) Two-way ANOVA, Bonferroni-
corrected. (C and J) Boxplot indicates 10th and 
90th percentiles (whiskers), 25th and 75th quar-
tiles (box), and mean. (C and J), Mann-Whitney 
test. *P  <  0.05; **P  <  0.01; ***P  <  0.001; 
****P  <  0.0001. FDR, false discovery rate; MW, 
molecular weight.
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studies, low Ki67 proliferation index and preoperative prognostic 
index (PEPI) score after NET are associated with a positive long-
term prognosis (30, 31). We previously showed that PLIN2 staining 
can be used as a proxy of the LD presence within cancer-derived 
specimens (15), and we stained the breast sample cores of the tissue 
microarrays (TMAs) accordingly (Fig.  3B). Ki67 score after NET 
(Fig. 3, C and D) and modified PEPI score (Fig. 3, E and F) were 
higher in patients with higher PLIN2 scores, hence suggesting that 
PLIN2, and therefore the LD presence, could hold predictive endo-
crine therapy value.

ACC1 targeting resensitizes LTED cells to 
estrogen deprivation
To identify potential metabolic vulnerabilities linked to the lipid meta-
bolic reprogramming displayed by LTED cells, we comparatively as-
sessed the cell survival changes induced in WT and LTED MCF7 cells 
exposed to agents that target lipid-related metabolic pathways. Target-
ing ACLY (MEDICA16 and SB204990), FASN (TVB3166 and C75), 
FAO (etomoxir), and the mevalonate pathway (simvastatin and zole-
dronic acid) showed no significant differences between WT and LTED 
cells. However, ACC1 targeting using the allosteric inhibitor TOFA 

A B

C D E
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Fig. 2. LD-dependent lipid mobilization sus-
tains resistance to estrogen deprivation. 
(A) Seahorse XFe96 Mito Stress Test on WT parental 
and MCF7-LTED cells treated with 40 μM eto-
moxir (eto) for 1 hour in standard conditions 
(full medium). OCR was calculated in real time 
after administration of ATP synthase inhibitor 
oligomycin, proton uncoupler carbonilcyanide 
p-triflouromethoxyphenylhydrazone (FCCP), 
and respiratory complex I inhibitor rotenone to-
gether with respiratory complex III inhibitor an-
timycin A (Rot/Ant). n ≥ 3 biological replicates. 
LTED versus LTED + eto; WT versus WT  +  eto; 
two-way ANOVA, Tukey-corrected. (B) Seahorse 
XFe96 Mito Fuel Flex Test was performed on pa-
rental and MCF7-LTED cells, and fuel oxidation 
was calculated and normalized by protein con-
tent. n = 3 biological replicates in ≥5 technical 
replicates. Student’s t test. (C) WT and LTED cells 
were grown either in standard conditions or in 
limited medium for 72 hours before assaying cell 
viability. Data are fold change survival fraction of 
LTED versus WT cells. Each dot is a biological rep-
licate. Mann-Whitney test for MCF7-WT and Stu-
dent’s t test for other cell lines. (D) Seahorse 
XFe96 Mito Stress Test was performed on MCF7-
WT and MCF7-LTED cells cultured under nutrient 
deprivation in the presence or absence of 40 μM 
eto for 1 hour. OCR was calculated in real-time 
and normalized by protein content. n  =  5 bio-
logical replicates. LTED versus LTED + eto; two-
way ANOVA, Tukey-corrected. (E) MCF7-LTED 
cells were grown either in standard conditions 
or in limited medium for 72 hours with or with-
out 40 μM eto before subjecting them to cell vi-
ability assay. n = 5 biological replicates. One-way 
ANOVA; Dunnett-corrected. (F to I) LTED cell de-
rivatives and parental cells were grown in either 
full or limited medium with or without 25 μM 
ATGLi for (F) 24 hours and LD BODIPY493/503-
stained [(orange/yellow), DAPI, nuclei (blue); 
representative pictures and quantification of 
BODIPY spots per cell are shown; plot indicates 
10th and 90th percentiles (whiskers), 25th and 
75th quartiles (box), mean (line), and median 
(cross). n  =  3 biological replicates, one-way 
ANOVA, Tukey-corrected; scale bar, 10 μm], or (G) 
72 hours and subjected to cell viability assay 
(data are fold change survival fraction of LTED 
versus WT cells. n = 6 biological replicates. One-way ANOVA, Kruskal-Wallis Dunn-corrected), or 1 hour for parental and LTED derivatives (H) MCF7 and (I) T47D cell lines. 
OCR from Mito Stress Test analysis was reported (n = 3 biological replicates in ≥2 technical replicates, LTED limited versus LTED limited + ATGLi; two-way ANOVA, Tukey-
corrected). (C to E and G to I) Data are mean ± SEM. * P < 0.05; ** P < 0.01; ***P < 0.001; ****P < 0.0001.
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(5-tetradecyloxy-2-furoic acid) selectively impaired LTED cell survival 
(Fig. 3G). This selective effect was confirmed in a 3-day dose response 
scheduled treatment in a panel of isogenic ER+ LTED cells (Fig. 3H). 
On a metabolic functional level, 16-hour TOFA administration was suf-
ficient to impair the catabolic ability of LTED cells, as revealed by OCR 
and oxygen consumption real-time monitoring using Seahorse analysis 
and Oroboros oxygraph-2K high-resolution respirometer (fig. S3).

Because of the crucial role that LDs have in sustaining AI resis-
tance, we investigated whether ACC targeting could affect LD content 
in LTED cells before inhibiting cell survival. Sixteen hours of TOFA 
administration eliminated intracellular lipid depots, as shown by con-
focal analysis of BODIPY493/503 staining in LTED cells (Fig. 3I and 
fig.  S4A) and impaired glucose-dependent de novo FAS (fig.  S4B). 
Genomic approaches and the administration of a second ACC inhibi-
tor [ND646 (32)] were used to exclude off-target effects exerted by 
TOFA. ACC1 silencing using multiple siRNAs (fig. S4, C to G) and 
dose-dependent administration of ND646 (fig. S4, H and I) reduced 
LTED cell survival (fig S4, C, D, and H), LD content (fig. S4, C, D, F, 

and I), and de novo lipid synthesis (fig. S4G). ND646 inhibited both 
ACC1 and ACC2 and therefore precluded the ability of ACC2 to com-
pensate for ACC1 inhibition. Moreover, ACC2 was phosphorylated in 
the LTED cells, indicating that its action is negligible in our model 
(fig. S1E). Because ACC1 inhibition impaired the metabolic repro-
gramming of LTED cells and subsequent cell survival, we analyzed 
the effects of ACC1 overexpression when parental cells were subjected 
to estrogen withdrawal (Fig. 3J and fig. S4J). Ectopic expression of the 
constitutive active form of ACC1 [ACC1S79A (33)] rendered MCF7-
WT cells insensitive to estrogen withdrawal, whereas stable expres-
sion of the WT form of ACC1 (ACC1WT) did not (Fig. 3J), suggesting 
that ACC1 activation is involved in the acquisition of resistance to 
estrogen deprivation.

LTED cells show enhanced lipid upload capacity and 
metabolic plasticity
Because impairing acetyl-CoA elongation had a modest effect in re-
ducing cell viability in both parental and LTED cells (Fig. 3G), we 

A B

C D E F
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J

Fig. 3. PLIN2 correlates with worse prognosis in 
endocrine-treated breast cancer, and targeting 
ACC1 reduces LDs and survival of estrogen-
deprived LTED cells. (A) Schematic of the NET 
study from which surgical specimens were includ-
ed in TMAs and subjected to PLIN2 IHC staining. 
(B) Representative IHC staining for PLIN2 in the 
TMA cores. Magnification, ×40. (C to F) Percentage 
of Ki67 cells (C and D) and modified PEPI score (E 
and F) at surgery (after NET) in the patients with 
breast cancer subdivided by PLIN2 IHC score (C 
and E) or by low (scores, 0 + 1) and high (scores, 
2 + 3) PLIN2 expression (D and F). Mann Whitney 
test (C to F). (G) MCF7-LTED and parental cells were 
treated with a series of drugs targeting lipogenic 
enzymes and assayed for cell viability. Data are 
mean ± SEM. n = 3 biological replicates. Student’s 
t test. (H) Three-day dose-response curves of TOFA 
analyzed by crystal violet assays in all the LTED de-
rivatives. Data are mean ± SEM. n = 3 biological 
replicates in ≥1 technical replicate; two-way ANOVA, 
Tukey-corrected. (I) LTED and parental cells were 
treated with TOFA (0.5 μg/ml) for 16 hours and 
subjected to confocal analysis (LDs  =  orange/
yellow; nuclei = blue; scale bar, 10 μm). Quantifica-
tion of BODIPY493/503 spots per cell was reported 
for all cell lines. Plots indicate 10 and 90 percentiles 
(whiskers), 25 and 75 quartiles (box), and mean 
(line). n  =  3 biological replicates in ≥3 technical 
replicates; one-way ANOVA, Kruskal-Wallis, Dunn-
corrected. (J) MCF7-WT cells expressing constitu-
tively active ACC1 (ACC1S79A) or wild-type form 
(ACC1WT) were grown for 5 days in DCC medium 
with or without 1 nM E2 before assaying cell viabil-
ity. Mock indicates cells only treated with transfec-
tion reagent. Data are fold change survival fraction 
of no E2 versus E2-cultured cells. n = 3 biological 
replicates in ≥2 technical replicates. Data are 
mean ± SEM and were compared with the corre-
sponding E2-cultured cells using the Student’s 
t test. *P  <  0.05; **P  <  0.01; ***P  <  0.001; 
****P < 0.0001. 
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investigated whether targeting FASN in limited conditions could 
enhance such impairment, because we concomitantly impeded de 
novo lipogenesis and consumed the LD internal reserve. When 
FASN inhibitor TVB3166 was administrated under limited condi-
tions, it had a significant effect in reducing cell viability in both pa-
rental and LTED cells. However, the addition of palmitate reverted 
the inhibitory effect of TVB3166 exclusively in LTED cells, suggest-
ing that LTED cells could use external palmitate, thus bypassing 
FASN impairment (Fig. 4A).

The fatty acid transporter CD36 was up-regulated in LTED cells ac-
cording to interrogation of our previously published transcriptomic 
analysis (7) and validation by qRT-PCR (Fig. 4B). Functionally, LTED 
cells internalized more exogenous palmitate as shown by radiolabeled 
14C-palmitate upload assay (Fig. 4C) and by monitoring cellular ability 
to upload fluorescent labeled palmitate (BODIPY-FL-C16) using con-
focal microscopy and cytofluorimetric analysis (Fig. 4, D and E).

ACC1 targeting alters the LD-peroxisome axis and 
subsequent redox balance in LTED cells
LDs have a fundamental role in buffering intracellular ROS and di-
minishing lipid peroxidation, which is toxic to cells (34). LTED cells 
showed higher ROS content than WT cells (Fig.  5, A and B, and 
fig.  S5A), and treatment with the antioxidant N-acetylcysteine de-
creased LD content in resistant cells (fig.  S5B), indicating that a 
balance between oxidative state and lipid metabolism exists. Because 
impairing ACC1 in the LTED cells altered lipid metabolism and LD 
content, we postulated that TOFA could alter redox homeostasis. 
TOFA administration enhanced ROS in the LTED cells, as monitored 
by ROS-measuring fluorescent probes (Fig. 5, A and B, and fig. S5C). 
The increased ROS were paralleled by enhanced lipid peroxidation as 
indicated by production of the end product of FA peroxidation malo-
ndialdehyde (Fig. 5C) and by confocal analysis of oxidized lipids us-
ing BODIPY581/591 C11 fluorescent probe (Fig.  5D). Because lipid 
peroxidation products have been associated with iron-dependent cell 

death (ferroptosis) (35), we targeted ACC1 in the presence of the 
radical-trapping antioxidant ferrostatin-1. No change in cell viability 
or lipid peroxidation was observed when TOFA and ferrostatin-1 
were administrated concomitantly (fig. S5, D and E), suggesting that 
the toxicity exerted by ACC1 inhibition is ferroptosis independent.

Because LTED cells showed elevated oxidative phosphorylation 
capacity (Fig.  2A), we hypothesized that mitochondria (electron 
transport chains) may be the source of enhanced ROS. However, 
staining of the mitochondrial-derived ROS using the fluorescent 
probe MitoSOX revealed no difference between parental and LTED 
cells, either in the presence or absence of TOFA (Fig. 5E). We there-
fore extrapolated the OCR data from the Seahorse analysis and 
found that LTED cells showed enhanced nonmitochondrial OCR 
compared with parental cells (Fig. 5F), which we validated by mea-
suring the residual oxygen consumption using the Oroboros 
oxygraph-2K high-resolution respirometer (fig. S6A). The oxidation 
of VLCFAs and BCFAs initiates in the peroxisome and is a process 
that depends on acyl-CoA oxidase 1 (ACOX1) and produces H2O2. 
ROS abundances are then buffered within the peroxisome matrix by 
the catalase (CAT) enzyme, which neutralizes H2O2 into H2O and 
O2 (36). LTED cells showed enhanced content of peroxisomes as 
detected by confocal analysis (Fig.  5G) and quantified by FACS 
analysis (Fig. 5H) using a green fluorescent protein (GFP)–labeled 
fusion construct of a peroxisomal C-terminal targeting sequence. 
Moreover, the enhanced peroxisome content was paralleled by in-
creased expression of the peroxisome functional players CAT and 
ACOX1 (Fig.  5I). This enhanced peroxisome dependence was 
corroborated at the transcript level given that the HALLMARK_
PEROXISOME gene set positively associated with the LTED 
transcriptional profile (P-adj = 0.0023; data file S1). The clinical rel-
evance of the peroxisome signature was validated in two large 
retrospective cohorts of patients with breast cancer [Molecular 
Taxonomy of Breast Cancer International Consortium (META-
BRIC) (37) and the Cancer Genome Atlas (TCGA)] in which the 

A B C

D E

Fig. 4. LTED cells show enhanced lipid upload 
capacity and metabolic plasticity. (A) MCF7 WT 
and LTED cells cultured in limited condition were 
treated with 200 μM TVB3166 and 10 μM palmi-
tate for 72  hours and assayed for cell viability. 
Data are fold change survival fraction compared 
to cells grown in routine culture conditions and 
shown as mean ± SEM. n = 3 biological replicates 
in ≥3 technical replicates. One-way ANOVA, 
Dunnett-corrected. (B) MCF7 and T47D parental 
and their counterpart LTED cells were subjected 
to qRT-PCR for CD36 analysis. Fold change relative 
expression is shown using parental cells as com-
parator. Each dot represents a biological repli-
cate. (C) 14C-palmitate uptake was measured in 
LTED-derived and parental MCF7 cells. Relative 
upload capacity is shown using parental cells as 
comparator. Each dot represents a biological rep-
licate. (D) Sensitive and resistant cells were incu-
bated with 100 nM BODIPY-C16, and palmitate 
uptake was observed as orange/yellow fluores-
cence. DAPI counterstain shows nuclei (blue). 
Representative images are shown. Scale bar, 10 μm. (E) Parental and their derivative LTED cells were subjected to cytofluorimetric analysis. FACS analysis of the mean fluo-
rescence intensity (MFI) of the populations positive for BODIPY FL-C16 was reported. Each dot represents a biological replicate. (B, C, and E) Data are mean ± SEM; Stu-
dent’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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peroxisome signature was significantly higher in the luminal B than 
in the luminal A subtype (Fig. 5J). Further, subtyping analysis of the 
peroxisome gene set revealed that the difference was independent of 
HER2 status (fig.  S6B). Within ER+ breast cancers, luminal B tu-
mors are characterized by increased therapy resistance, relapse, and 
poorer prognosis compared with luminal A (38), suggesting that 
peroxisome signature can be associated with a clinically relevant 
molecular subtype. To investigate a potential predictive value of the 
peroxisome signature in response and resistance to AI, we retrieved 
the publicly available gene expression data from 52 ER+ breast 
cancer patient specimens taken before and after 10 days and 90 days 

of neoadjuvant letrozole treatment (39). Patients were divided into 
responders and nonresponders, defined by a >50% and a <50% re-
duction, respectively, in tumor volume after a further 3 months of 
letrozole treatment. The peroxisome signature was significantly 
(paired Wilcoxon test, P = 0.0014) decreased in the responder co-
hort after 90 days of letrozole treatment, suggesting that a decrease in 
this transcriptional profile could be associated with therapy response 
(Fig. 5K). No significant changes were reported in the nonresponder 
cohort, suggesting a potential link with letrozole resistance. Par-
ticularly, because the significant differences between responder 
and nonresponder patients emerged after 90 days of therapy, this 

A B C

D E F

G H I

J K

Fig. 5. ACC1 targeting alters the LD-peroxisome 
axis and subsequent redox balance of LTED cells. 
(A and B) Intracellular ROS were measured by 
2′,7′-dichlorofluorescin diacetate (DCFDA) staining 
in MCF7 (A) and T47D (B) WT and LTED cells treated 
with TOFA (0.5 μg/ml) for 72 hours. Parental cells 
were used as comparator. Each dot represents a bio-
logical replicate. Student’s t test. (C and D) Lipid 
peroxidation was evaluated by measuring the 
malondialdehyde (MDA) intracellular accumulation 
(C) and fluorescence intensity of BODIPY581/591 C11 
(D) in MCF7 parental and LTED cells treated with 
TOFA (0.5 μg/ml) for 48 hours. Representative confo-
cal images are shown (oxidized lipids, green; blue: 
DAPI, nuclei; scale bar, 10 μm). Each dot represents a 
biological replicate. Student’s t test. (E) Mitochon-
drial ROS were measured using the fluorescent 
probe MitoSOX in MCF7-WT and MCF7-LTED cells 
treated with TOFA (0.5 μg/ml) for 72 hours. Parental 
cells were used as comparator. Each dot represents 
a biological replicate. One-way ANOVA; Dunnett-
corrected. (F) Nonmitochondrial OCR measurement 
was extrapolated from the Seahorse Mito Stress Test 
analysis and compared between parental and LTED 
MCF7 cells. Each dot represents a biological repli-
cate. Student’s t test. (G and H) Parental and LTED 
MCF7 and T47D cells were subjected to peroxisome 
content confocal and cytofluorimetric analysis. 
Representative pictures (G) of CellLight Peroxisome-
GFP stained cells are shown (gray/white: peroxi-
somes; blue: DAPI, nuclei). Scale bar, 10 μm. FACS 
analysis of the MFI of the populations positive for 
the GFP-peroxisome construct was reported (H). 
Student’s t test for MCF7 versus MCF7-LTED and 
Mann-Whitney test for T47D versus T47D-LTED. 
(I) Analysis of peroxisomal activity in MCF7 and 
T47D-LTED cells compared with their parental coun-
terpart was performed by qRT-PCR for ACOX1 and 
CAT. Fold relative enrichment is shown using the 
parental cells as comparator. Each dot represents a 
biological replicate. Student’s t test. (J) Analysis of 
publicly available clinical data (METABRIC and 
TCGA) derived from patients with ER+ breast cancer 
showed that peroxisome signature correlates with 
luminal B phenotype. (K) Changes in peroxisome 
signature scaled to pretreatment in 52 paired ER+ 
breast cancer samples pre– and post–2-week AI 
treatment (letrozole) among responder patients 
(n = 37) and nonresponders (n = 15). (A to I) Data are 
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.
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could suggest that the peroxisome contribution to therapy response 
might become relevant after therapy exposure and therefore be in-
volved in the acquired rather than in de novo endocrine resistance.

ACC1 activity is dispensable for LTED cells in the presence of 
exogenous complex FA
VLCFA, LCFA, and BCFA synthesis depends on malonyl-CoA gen-
erated by ACC1 and NADPH as reducing agent (40). LTED cells 
showed increased FAS from radioactive palmitate (fig. S6C), sug-
gesting that exogenous palmitate could be used by LTED cells to 
synthesize complex and longer FAs. To address whether the effects 

exerted by ACC1 targeting were dependent on the intracellular 
availability of complex FAs (BCFAs and VLCFAs) whose elonga-
tion is malonyl-CoA dependent, we treated LTED cells with TOFA 
either in the presence or absence of exogenous FA. Adrenic acid 
(AdA, C22:4; all-cis-7,10,13,16-docosatetraenoic acid), erucic 
acid (EA, C22:1; cis-13-docosenoic acid), and the BCFA phytanic acid 
(PHY, C20; 3,7,11,15-tetramethyl hexadecanoic acid) were indi-
vidually added to LTED cell medium concomitantly to TOFA 
(Fig. 6A). AdA, EA, and PHY administration completely reverted 
the decrease in LD content (fig. S6D) and the cell survival inhibi-
tory effect of TOFA (Fig. 6, B to D, and fig. S6E). To exclude that the 

A B C D

E F G

H I

J K

L M

Fig. 6. ACC1 activity is dispensable for LTED 
cells in the presence of exogenous VLCFAs. 
(A) Schematic of the molecular players involved in 
peroxisome-dependent FAO and ROS scaveng-
ing. (B to G) MCF7-LTED cells treated with TOFA 
(0.5 μg/ml) and supplemented with 10 μM VLCFA 
22:4 [adrenic acid (AdA), B and E] and 22:1 [erucic 
acid (EA), C and F] or BCFA [22:0 phytanic acid 
(PHY), D and G] for 72 hours assayed for (B to D) 
cell survival and (E to G) ROS using the fluores-
cent probe CellROX. (B to D) Each dot is a biologi-
cal replicate. (E to G) n = 4 biological replicates. 
Each dot is a technical replicate. One-way 
ANOVA, Dunnett-corrected (C to F) or (B and G) 
Kruskal-Wallis, Dunn-corrected. (H to M) LTED 
MCF7 cell derivatives transfected with nontar-
geting small interfering RNA (siCTR) or siRNA 
targeting CAT (siCAT) or ACOX1 (siACOX1) and 
supplemented with 10 μM AdA (H and I), EA (J 
and K), or PHY (L and M) were assayed for (H, J, 
and L) cell survival and (I, K, and M) ROS as in (B) 
to (D). n  =  3 biological replicates. Each dot is a 
technical replicate. (H, J, K, and L) Two-way ANOVA, 
Bonferroni-corrected (I and M), mixed-effects 
model (REML) Bonferroni-corrected. All data are 
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.
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effects were independent of FA length, we performed the same as-
say with palmitic acid (C16:0; hexadecanoic acid) and palmitoleic 
acid (C16:1; 9Z-hexadecenoic acid) that showed no rescue effect in 
LTED cells treated with TOFA (fig. S6F). The rescue effect exerted 
by exogenous FA was accompanied by complete abrogation of the 
TOFA-induced enhanced ROS (Fig. 6, E to G, and fig. S6G). We 
therefore hypothesized that VLCFA and BCFA rescue effects could 
be linked to their ability to coordinate the LTED cellular redox and 
lipid homeostasis. Because FA catabolism might cause redox unbal-
ance and VLCFA and BCFA catabolism is peroxisome dependent, 
we investigated whether ACOX1 and CAT silencing affected the 
exogenous FA rescue effects. Both CAT and ACOX1 silencing 
(fig. S7, A and B) impeded the ability of AdA (Fig. 6H), EA (Fig. 6J), 
and PHY (Fig.  6L) to impair the TOFA resensitization effects, a 
phenomenon that was linked to oxidative stress as shown by en-
hanced ROS (Fig. 6, I, K, and M). The concomitant inhibition of 
lipid mobilization from LD and peroxisomal activity also affected 
LTED cell survival (fig. S7C).

NADPH functions as cofactor of several antioxidant enzymes and 
has a crucial role in maintaining redox balance. CAT needs NADPH 
to recharge its antioxidant activity after H2O2 buffering (41). We 
found that TOFA-mediated inhibition of peroxisomal activity and FA 
synthesis promoted an increase in NADPH in LTED cells (fig. S7D). 

NADPH accumulation could lead to NADPH oxidase (NOX) activa-
tion, which could sustain ROS production and promote cell death af-
ter TOFA treatment. NOX inhibition mediated by APX115 rescued 
survival and ROS content in LTED cells (fig. S7, E and F).

Targeting ACC1 ex vivo and in vivo reduces 
estrogen-independent tumor growth
To validate the above in vitro findings in a clinically relevant model 
of AI resistance, we monitored FA metabolism–related proteins that 
were deregulated in the LTED cells in two established ER+ HER2– 
breast cancer patient-derived xenograft (PDX) models (HBCx-34 
and HBCx-86). These models were made resistant in vivo to estrogen 
deprivation by ovariectomy (HBCx-34 OvaR and HBCx-86 OvaR), 
de facto modeling AI resistance (42). qRT-PCR (Fig. 7A) and West-
ern blot (Fig. 7B) analyses showed deregulated mRNA and phospho-
protein abundance of key lipid metabolic players in the resistant 
OvaR PDX models compared with parental HBCx-34 and HBCx-86 
PDXs, in line with results in the LTED cells. This suggested a higher 
lipid metabolic dependency of the resistant PDX. To test whether 
ACC1 targeting could be exploited in this setting, we first generated 
ex vivo tumor explants (PDEs) (43) from the HBCx-34 and HBCx-
86 PDX models and their estrogen-independent (OvaR) counter-
parts. Three days of TOFA administration reduced HBCx-34 OvaR 

A B

C D

E F G H

Fig. 7. Targeting ACC1 ex vivo and in vivo re-
verts resistance to estrogen deprivation. 
(A) Gene expression analysis of sensitive (HBCx-34 
and HBCx-86) and estrogen deprivation–resistant 
PDXs (HBCx34-OvaR and HBCx86-OvaR). Heat-
maps show normalized expression values of the 
mean of three technical replicates, and adjacent 
bar graphs show fold change expression value 
relative to the sensitive PDX mean values. 
(B) Western blot analysis of total protein lysate 
from HBCx and HBCx-OvaR with the antibodies 
indicated. (C) Cell viability of three-dimensional 
explants derived from HBCx-34 and HBCx-86 
and OvaR counterparts and exposed for 72 hours 
to different concentrations of TOFA. Data are 
mean ± SEM. n = 3 biological replicates. Two-way 
ANOVA, Bonferroni-corrected. (D) In  vivo re-
sponse to TOFA treatment in the HBCx-34 OvaR 
PDX. Data are mean  ±  SD. (n  =  5 to 8 mice per 
group). Mixed-effects model (REML) Bonferroni-
corrected. (E) Survival curves with event-free sur-
vival. Median survival control 23.0 and TOFA 33.5. 
HR and 95% confidence are reported. (F) Repre-
sentative 20× images of hematoxylin and eosin 
staining. Scale bar, 200 μm. (G) Representative 
10× images of P-ACC staining and quantification 
of three different areas derived from at least three 
samples per group. Violin plots show the distribu-
tion, median, and quartile values. Student’s t test. 
Scale bar, 200 μm. (H) Quantification of the prolif-
eration index of the PDXs, obtained by quantify-
ing the Ki67-positive cells from three different 
areas derived at least from three samples per 
group. Violin plots show the distribution, median, 
and quartiles values. Student’s t test. *P  <  0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. a.u., ar-
bitrary units.
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and HBCx-86 OvaR PDE survival in a dose-dependent manner, 
whereas estrogen-dependent PDEs were less sensitive to TOFA ad-
ministration, a feature shown in an additional PDE derived from the 
HBCx-91 OvaR model (Fig. 7C and fig. S7G). HBCx-34 OvaR PDX-
bearing mice administered TOFA for 46 days showed reduced PDX 
tumor volume (Fig. 7D) and reduced tumor growth rate (Fig. 7E) 
compared with vehicle-treated PDX tumors. Moreover, TOFA ad-
ministration did not appreciably alter tumor morphology, as shown 
by hematoxylin and eosin staining (Fig. 7F) and showed no toxicity 
in tumor-bearing mice (fig. S7H). TOFA also inhibited ACC1 activ-
ity, as revealed by increased phospho-ACC1 (P-ACC+) immunohis-
tochemistry (IHC) staining (Fig. 7G), and reduced proliferation rate, 
as confirmed by reduced Ki67 (Fig. 7H). These data provide mecha-
nistic insights into the regulation of lipid metabolism in endocrine-
resistant breast cancer and identify peroxisome- and LD-related 
molecules that could be targeted or investigated as potential predic-
tive markers.

DISCUSSION
Our data demonstrate that the insensitivity to estrogen deprivation, 
a condition that mimics resistance to AI in ER+ breast cancer, is 
characterized by a profound rearrangement of lipid metabolism. 
Previous studies have reported that increased cholesterol biosynthe-
sis is involved in endocrine therapy resistance. Here, we highlighted 
that LDs and peroxisomes promote deregulation of the FA biosyn-
thesis, storage, and catabolism that drive insensitivity to estrogen 
deprivation.

Metabolic adaptability is a feature of therapy-resistant cancer 
cells, including those that are insensitive to endocrine therapy. We 
have previously demonstrated that deregulated amino acids and 
central carbon metabolism emerged from preclinical endocrine-
resistant models, revealing both targetable metabolic vulnerabilities 
and key molecular hubs that may have predictive value in the con-
text of therapy resistance (6, 7). More recently, we have shown that 
targeting oxidative phosphorylation with the complex I inhibitor 
IACS-010759 potentiates the efficacy of endocrine agents and 
CDK4/6 inhibitors. Moreover, IACS-010759 inhibits tumor growth 
in multiple endocrine and palbociclib-resistant PDX models (44).

In the current study, we highlighted substantial differences in FA 
metabolism and subsequent LD formation of LTED cells compared 
with parental cells. Specifically, we identified ACC1 as a metabolic 
vulnerability that can be targeted in the context of endocrine re-
sistance.

ACC1 targeting has been shown to reduce tumor initiation ca-
pacity in breast cancers (45). Moreover, an early study showed that 
ACC1 is a vulnerability of breast cancer cells in vitro and that its 
impairment is bypassed when exogenous FA or ROS scavengers are 
supplemented to the cultured medium (46). Although the effects 
were comparable in ER+ MCF7 and triple-negative MDA-MB-231 
breast cancer cells, later studies reported that ER silencing decreases 
ACC1 expression (47), whereas HER2 ectopic expression leads to its 
increase (48) in breast cancer cells. LTED models and the majority 
of AI-resistant breast cancers retain ER expression (20) and overex-
press HER2 (49), suggesting that increased ACC1 abundance may 
be a common feature of endocrine-resistant models that retain ER 
or overexpress HER2. However, ACC1 is tightly regulated by phos-
phorylation, and its expression may not fully recapitulate its func-
tional role in the disease.

We extensively characterized the role of LDs in the LTED cells 
and demonstrated that they can release FAs during energetic stress 
conditions, thus conferring enhanced metabolic flexibility to cells 
modeling AI resistance. LTED cells maintain the intracellular pool 
of LDs either by de novo FA biosynthesis or by CD36-mediated VL-
CFA/BCFA uptake. Increased lipogenesis is a trait of cancer cells 
(50) independent of exogenous FA availability. However, more re-
cently, CD36 emerged as a functional molecule in oral cancer cells 
that rely on exogenous FA for metastasis formation (51). In the con-
text of breast cancer, CD36 expression increases after anti-HER2 
therapy and drives therapy desensitization accompanied by meta-
bolic rewiring, ultimately identifying a subset of CD36-higher–
expressing patients characterized by poor survival (52). Although 
concomitant CD36-mediated FA upload and de novo lipogenesis 
could reflect different cell subtypes within the tumor bulk that rely 
on lipid metabolism, there is emerging evidence that CD36 can di-
rectly mediate lipogenesis and LD formation via INSIG2-dependent 
SREBP1 processing (53). At the same time, LTED cells maintain a 
high dependency on FAO, a similar lipid metabolic program that 
has been described in residual cancer cells from neoadjuvant-treated 
patients with breast cancer (16). Although LTED cell lipid metabo-
lism was reprogrammed compared with parental cells, only ACC1 
targeting selectively reduced LTED cell survival, a condition that 
was anticipated by intracellular LD reduction. Both in  vitro and 
ex vivo targeting of ACC1 using TOFA reduced survival of cancer 
cells and estrogen deprivation–resistant PDE models, suggesting the 
possibility of combining ACC1 targeting with an AI in the resistant 
setting. However, TOFA administration was not sufficient to com-
pletely arrest PDX tumor growth in  vivo. Although this could be 
related to the metabolic plasticity of these resistant tumors or the 
emergence of resistance to TOFA, a more potent ACC1 inhibitor 
should be tested. There is an intense effort to develop compounds 
that can achieve ACC1 inhibition at lower concentrations (54, 55).

Because malonyl-CoA produced by ACC1 is an essential me-
tabolite to generate complex and elongated FAs such as BCFAs and 
VLCFAs, we hypothesized that ACC1 targeting could be bypassed 
by the addition of BCFAs and VLCFAs. This approach revealed that 
BCFA and VLCFA supplementation was sufficient to render ACC1 
targeting unsuccessful and that such an effect was mediated by the 
activity of peroxisome-related enzymes ACOX1 and CAT. These 
data highlighted that the enhanced peroxisome and LD abundances 
have a functional role in metabolic plasticity. The data herein pre-
sented indicate that peroxisomes have an important function in 
modulating energy and redox homeostasis when lipogenesis is im-
paired. No changes in cancer cell survival were observed in normal 
culture conditions when ACOX1 and CAT were silenced. ACOX1 
has prognostic value in ER+ breast cancer, with poorer prognosis in 
higher expressing tumors (56), and ACOX1 is also highly expressed 
in breast cancer–derived brain metastatic lesions (57). Data on CAT 
expression and function in breast cancer are scarce; however, en-
hanced CAT expression in MCF7 cells is associated with increased 
antioxidant activity and therapy resistance (58), and targeting CAT 
in vivo suppresses ROS-driven breast cancer progression and metas-
tasis (59). Our findings indicate that peroxisomes may support the 
metabolic plasticity of endocrine-resistant cells by providing cata-
bolic support when VLCFAs and BCFAs are available. Reducing 
the amount of free FAs and particularly polyunsaturated fatty 
acids (PUFAs) is important because PUFAs are highly susceptible 
to peroxidation, an aspect relevant in cancer cells where ROS are 
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generally elevated (such as in LTED cells). When abundant, PUFAs 
are incorporated into the plasma membrane by long-chain acyl-
CoA synthetase 4 (ACSL4) and become vulnerable to lipid peroxi-
dation, thus leading to ferroptosis (60). Although TOFA did not 
induce ferroptosis in the LTED models, ACSL4 could have a 
ferroptosis-independent role during adaptation to estrogen depri-
vation by channeling BCFAs and VLCFAs into the peroxisome 
(fig. S7I). Forced expression of ACSL4 confers aggressive traits to 
breast cancer cells (61) and endocrine resistance (62).

Intracellular FA homeostasis is maintained by both catabolic and 
anabolic processes. Peroxisomes not only are important for the ca-
tabolism of complex FAs but are also involved in biosynthesis of 
ether phospholipids, a class of glycerophospholipids that are an es-
sential source of lipid second messengers (arachidonic acid and 
eicosanoids) and that are involved in PUFA biosynthesis (63). LDs 
can represent the site of eicosanoid production and contribute to 
generate lipid-derived signaling molecules (64). Although this as-
pect was not investigated in the current study, we cannot exclude 
that lipid-derived second messengers produced within peroxi-
somes or derived from LD-peroxisome cross-talk may have a role 
in breast cancer therapy resistance. Moreover, because peroxisome 
biogenesis and activity are influenced by three subtypes of peroxi-
some proliferator–activated receptor (PPAR) transcriptional factors 
(PPARα, PPARδ, and PPARγ) that are deregulated in several can-
cers (65), PPAR modulators could be investigated in the context of 
endocrine resistance.

Although interventions to affect metabolic reprogramming have 
been postulated in the last decades, the compounds approved for 
therapeutic intervention on metabolic pathways are chemothera-
peutic agents that impair nucleic acid synthesis. Because patients 
who enter clinical trials for innovative drugs are often heavily pre-
treated (with progressed or relapsed therapy-resistant disease), it is 
possible that those patients would show enhanced metabolic plastic-
ity, a major challenge when targeting metabolic pathways as dem-
onstrated in our preclinical studies. To circumvent this issue, the 
highlighted metabolic vulnerabilities that characterized resistant 
tumors could potentially be targeted using dietary therapies includ-
ing energy or macronutrient restriction and intermittent fasting 
regimens. It has been shown that intermittent fasting can potentiate 
the effects of endocrine agents (66), an approach that has been ef-
fectively translated into phase 1 clinical trials (NCT03595540 and 
NCT03340935).

Our study has some limitations and leaves some open questions. 
First, although TOFA is highly effective in reducing tumor cell 
growth in vitro, it only slows tumor growth in vivo. Moreover, it has 
been reported that ACC1 targeting could potentiate the metastatic 
abilities of breast cancer cells characterized by leptin- and trans-
forming growth factor β–induced downstream signaling activation 
(33). Therefore, ACC1 inhibition should warrant further investiga-
tion to identify those breast cancer subtypes that may benefit from 
this approach. Second, this study did not fully dissect the complex 
interaction among LDs, mitochondria, and peroxisomes. However, 
targeting ACOX1 and CAT showed a key role for the peroxisome in 
the metabolism of complex FA in the LTED models. Moreover, it 
indicates that complex FAs need to be present in the tumor cells 
(either by exogenous loading or de novo synthesis). Further, experi-
ments on the FA shuttling among LD, peroxisomes, and mitochon-
dria would shed light on this interaction. Last, ER+ breast cancer 
suffers from a lack of syngeneic in  vivo models; therefore, it is 

important to take into consideration that the immune compartment 
may have a role in therapy response when lipid metabolism is al-
tered by metabolic intervention (67).

In conclusion, we identified a complex lipid metabolic repro-
gramming that characterizes AI resistance and involves multiple 
intracellular players, including LDs and peroxisomes. These find-
ings provide mechanistic insights into the metabolic deregulation of 
acquired resistance to estrogen deprivation and offer a series of mo-
lecular and metabolic players that could be useful in identifying pa-
tients with breast cancer with an increased risk of relapse or therapy 
resistance.

MATERIALS AND METHODS
Study design
This study consists of a series of preclinical cellular and animal mod-
els complemented with human tumor explants, designed to investi-
gate the lipid metabolic rewiring occurring during response and 
acquisition to estrogen independence in ER+ breast cancer, a condi-
tion that mimics the acquired resistance to AI. Numbers of repli-
cates are explicitly indicated, and all tests of statistical significance 
are described in the main text, figure captions, or Materials and 
Methods. For the in vivo experiment, PDXs were randomly assigned 
to the different treatment groups when tumors reached a volume of 
100 to 200 mm3. The number of animals was chosen to ensure ade-
quate statistical power and was based on previous experience with 
the PDX models used in this study. Researchers were not blinded for 
any experiments.

Establishment of PDX mouse models and 
in vivo experiments
PDX models HBCx-86 and HBCx34 were obtained by engrafting 
tumor fragments of primary ER+ breast cancers as previously de-
scribed (42, 68). The protocol was approved by the Institut Curie 
Hospital committee (Comité de Revue Institutionnel). Tumor frag-
ments were engrafted with informed consent from the patient into 
the interscapular fat pads of female Swiss nude mice (Charles River 
Laboratories), which were maintained under specific pathogen–free 
conditions. The housing facility was kept at 22°C (±2°C) with a rela-
tive humidity of 30 to 70%. The light/dark cycle was 12 hours 
light/12 hours dark. Mice were maintained on a standard diet 
(4RF25, Mucedola SRL, Italy) and were given free access to food and 
water. Animal care and housing were in accordance with institu-
tional guidelines and the rules of the French Ethics Committee 
CEEA-IC (Comité d’Ethique en matière d’expérimentation animale 
de l’Institut Curie, national registration number: 118) with project 
authorization number 02163.02.

In vivo studies were performed in female Swiss nude mice in ac-
cordance with the French Ethical Committee. To establish hormone-
resistant models from these xenografts, tumor-bearing mice were 
estrogen-deprived for 6 to 8 months [the absence of estrogen sup-
plementation combined with mice ovariectomy (42)]. At tumor es-
cape, tumors were re-engrafted in ovariectomized nude mice in the 
absence of estrogen supplementation for multiple serial passages.

The in vivo efficacy study with TOFA was performed in female 
Swiss nude mice as in accordance with the French Ethical Commit-
tee. TOFA was administered orally at a dose of 50 mg/kg 5 days/
week during 6 weeks. Tumor fragments were transplanted into 
ovariectomized female 8-week-old Swiss nude mice. Xenografts 
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were randomly assigned to the different treatment groups when tu-
mors reached a volume between 100 and 200 mm3. Three mice in 
the control group unexpectedly died in the first week and were not 
plotted in the final graph. Tumor size was measured with a manual 
caliper twice per week. Tumor volume was calculated as V = a × b2/2, 
a being the largest diameter and b being the smallest.

Statistical analysis
Statistics were performed using Prism 10 (GraphPad Software). 
Unless stated otherwise, all numerical data are expressed as the 
mean ± SEM. All experiments were conducted at least three times 
independently, with more technical replicates for each experimental 
condition tested. Normality of data distribution was determined by 
Shapiro-Wilk or D’Agostino-Pearson omnibus (K2) test. Means of 
two sample groups were compared by an unpaired two-tailed Stu-
dent’s t test for normally distributed data, whereas Mann-Whitney 
nonparametric testing was used for non-normally distributed data. 
For comparisons among multiple groups, one- or two-way analysis 
of variance (ANOVA) tests for normally distributed data or Kruskal-
Wallis test for non-normally distributed data followed by Bonferro-
ni’s, Tukey, or Dunnett’s post hoc analysis were performed. Tumor 
growth inhibition was analyzed with a mixed-effects model (REML) 
followed by Bonferroni’s multiple comparisons test. Kaplan-Meier 
survival curves were calculated as described in (69). An event was 
defined as the time to quadruple the initial tumor volume. Multi-
variate Cox analyses of the patient cohort were done using Prism 10 
and log-rank (Mantel-Cox) test, and log-rank hazard ratio (HR) was 
calculated. P < 0.05 was considered statistically significant.
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