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Targeting FSP1 triggers ferroptosis in lung 
cancer
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Sahith Rajalingam1,3, Mingqi Han7,8, Toshitaka Nakamura9, Lidong Wang10, Suckwoo Chung1,3, 
Diane Simeone10, David Shackelford7,8, Yun Pyo Kang4, Marcus Conrad9,11 & 
Thales Papagiannakopoulos1,3 ✉

Emerging evidence indicates that cancer cells are susceptible to ferroptosis, a form  
of cell death that is triggered by uncontrolled lipid peroxidation1–3. Despite broad 
enthusiasm about harnessing ferroptosis as a novel anti-cancer strategy, whether 
ferroptosis is a barrier to tumorigenesis and can be leveraged therapeutically  
remains unknown4,5. Here, using genetically engineered mouse models of lung 
adenocarcinoma, we performed tumour-specific loss-of-function studies of two key 
ferroptosis suppressors, GPX46,7 and ferroptosis suppressor protein 1 (FSP1)8,9, and 
observed increased lipid peroxidation and robust suppression of tumorigenesis, 
suggesting that lung tumours are highly sensitive to ferroptosis. Furthermore,  
across multiple pre-clinical models, we found that FSP1 was required for ferroptosis 
protection in vivo, but not in vitro, underscoring a heightened need to buffer lipid 
peroxidation under physiological conditions. Lipidomic analyses revealed that 
Fsp1-knockout tumours had an accumulation of lipid peroxides, and inhibition of 
ferroptosis with genetic, dietary or pharmacological approaches effectively restored 
the growth of Fsp1-knockout tumours in vivo. Unlike GPX4, expression of FSP1 (also 
known as AIFM2) was prognostic for disease progression and poorer survival in 
patients with lung adenocarcinoma, highlighting its potential as a viable therapeutic 
target. To this end, we demonstrated that pharmacologic inhibition of FSP1 had 
significant therapeutic benefit in pre-clinical lung cancer models. Our studies highlight 
the importance of ferroptosis suppression in vivo and pave the way for FSP1 inhibition 
as a therapeutic strategy for patients with lung cancer.

Ferroptosis is a non-apoptotic, oxidative stress-dependent mechanism 
of cell death that is uniquely distinguished by lipid peroxidation of 
polyunsaturated fatty acids of membrane phospholipids (PUFA-PLs)1,10. 
Lipid peroxidation involves the formation of lipid and lipid peroxyl 
radicals, which, in auto-oxidative propagation reactions, generate 
lipid hydroperoxides. Aberrant, unrestricted lipid peroxidation results 
in altered membrane integrity, cell swelling, and ultimately mem-
brane rupture11,12. In recent years, growing interest in ferroptosis has 
revealed that cells depend on several enzymes to protect against fer-
roptosis6–9,13–15, of which GPX4 and FSP1 have key roles. GPX4 catalyses 
the reduction of PUFA-PL hydroperoxides to non-toxic alcohols. FSP1 
catalyses the reduction of extramitochondrial coenzyme Q10 (CoQ), 
a highly potent lipid radical-trapping antioxidant (RTA). Conversely, 

cells can be sensitized to ferroptosis through PUFA-PL composition16 
and biosynthesis by ACSL417–19. In addition to these cellular pathways, 
exogenous lipid RTAs, such as LIP1, FER1, vitamin E and vitamin K, have 
also been shown to specifically inhibit ferroptosis1,6,20–22.

Emerging evidence indicates that cancer cells, including drug- 
resistant cells that have adopted a mesenchymal state2,3, are highly 
sensitive to lipid peroxidation in vitro, suggesting a potential for har-
nessing ferroptosis as a novel anti-cancer strategy. Although there have 
been extensive studies characterizing GPX4 and more recently FSP1 in 
various diseases4,23, whether ferroptosis constitutes a barrier to tumo-
rigenesis and the functional roles of GPX4 and FSP1 in in vivo cancer 
models remain poorly characterized. To date, FSP1 has been shown to 
be a critical ferroptosis suppressor only in the absence of GPX48,9,24. 
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However, given the high toxicity, poor selectivity and low-to-limited 
bioavailability of GPX4 inhibitors in vivo25,26, as well as the only recent 
development of FSP1 inhibitors, the majority of which do not have 
in vivo efficacy9,24,27–30, much work remains to demonstrate that fer-
roptosis induction could indeed be a therapeutic strategy for cancer5.

Here we show that genetic knockout of either Gpx4 or Fsp1 (also 
known as Aifm2) in genetically engineered mouse models (GEMMs) of 
autochthonous KRAS-driven lung adenocarcinoma (LUAD)31–35 results 
in marked restriction of lung tumorigenesis. We demonstrate that 
disruption of FSP1, often considered a backup axis of ferroptosis sup-
pression, is sufficient to trigger exhibit enhanced lipid peroxidation 
in lung tumours. We confirm that Fsp1 deletion across several human 
cancer cell lines with various oncogenic drivers, co-mutations and 
tissue lineages consistently lead to in vivo tumour restriction. As fer-
roptosis can be functionally defined as a modality of cell death result-
ing from increased lipid peroxides and rescued only with inhibitors 
of lipid peroxidation, we demonstrate that Fsp1-knockout (Fsp1KO) 
tumours have increased oxidized PUFA-PLs and that administration 
of lipid RTAs, as well as genetic loss of Acsl4, effectively restores lung 
tumorigenesis. Finally, we report that FSP1 is upregulated as LUAD 
tumours progress and show that FSP1 inhibition suppresses tumour 
growth and prolongs survival in multiple pre-clinical cancer models. 
Thus, our work utilizes novel in vivo models to characterize and test 
ferroptosis induction, particularly via FSP1 perturbation, as a thera-
peutic approach for lung cancer.

GPX4 prevents ferroptosis in lung tumours
GPX4 is considered the primary mediator of ferroptosis suppression, 
and has been shown to be essential across multiple mouse and human 
cancer cell types7,26,36,37. Therefore, we sought to interrogate whether 
GPX4, and more broadly ferroptosis suppression, is a requirement for 
lung tumorigenesis in vivo. Using a well-established GEMM of LUAD 
(KrasLSL-G12D/+; Tp53fl/fl; Rosa26LSL-Cas9/LSL-Cas9), we initiated KrasG12D/+; Tp53−/− 
(KP) tumours by intratracheal delivery of lentiviruses expressing Cre 
recombinase and dual single guide RNAs (sgRNAs)38 targeting Gpx4 
(sgGpx4) or non-targeting control sgRNAs (sgNeo), enabling CRISPR–
Cas9-mediated Gpx4-knockout (Gpx4KO) or wild-type control tumours, 
respectively. Concurrently, we treated a cohort of mice with each 
tumour genotype with LIP1, a potent lipid RTA and ferroptosis inhibi-
tor, throughout the entire course of tumorigenic progression (Fig. 1a). 
Tumour-specific Gpx4 deletion (sgGpx4) led to a significant decrease in 
lung tumour burden that was not observed in sgGpx4 tumour-bearing 
mice treated with LIP1 (Fig. 1b–d). Efficient Gpx4 deletion was verified 
by immunohistochemistry, with less than 15% of tumours in the sgGpx4 
group staining positive for GPX4 (Extended Data Fig. 1a). Immunohisto-
chemistry for 4-hydroxy-2-noneal (4-HNE), a marker for lipid peroxida-
tion in tissues20 (Extended Data Fig. 1b), revealed significantly higher 
levels of lipid peroxidation in sgGpx4 tumours compared with control 
sgNeo lung tumours, which was blunted with LIP1 treatment (Fig. 1e,f).

Similar to our in vivo observations, CRISPR–Cas9-mediated Gpx4KO 
in KP LUAD cells resulted in a near complete loss of viability and clono-
genicity that was fully rescued by the addition of LIP1 (Extended Data 
Fig. 1c). Targeted lipidomics to profile oxidized phosphatidylcholine 
and phosphatidylethanolamine species in KP LUAD cells treated with 
RSL3, a covalent GPX4 inhibitor and inducer of ferroptosis, revealed 
a higher abundance of oxidized phospholipids in RSL3-treated cells 
that was decreased in cells treated with concomitant LIP1 (Extended 
Data Fig. 1d). GPX4 overexpression in KP LUAD cells had no effect on 
cell viability or clonogenicity basally (Extended Data Fig. 1e), but did 
confer greater resistance to ferroptosis in vitro (Extended Data Fig. 1f). 
Similarly, supplementation of KP LUAD cells with sodium selenite 
(Na2SeO3) to increase translation of GPX439, a selenoprotein, resulted 
in a corresponding increase in GPX4 expression and enhanced fer-
roptosis resistance in vitro (Extended Data Fig. 1g). Together, these 

results demonstrate that GPX4 is essential for lung tumours to evade 
ferroptosis and provide evidence that ferroptosis induction may be 
an effective anti-cancer strategy.

FSP1 is upregulated in LUAD
Given our observation that GPX4 was required for lung tumorigen-
esis in a GEMM that closely recapitulates human LUAD development 
and progression, we next explored whether there was clinical evi-
dence suggesting that ferroptosis regulators in general are altered in 
lung cancer40. Although GPX4 expression was modestly increased in 
KRAS-mutant LUAD tumours compared with normal lung tissue, there 
was no correlation with tumour stage or overall survival (Extended Data 
Fig. 1h,i). Concordantly, GPX4 protein levels also did not change during 
autochthonous LUAD progression in KP GEMM tumours (Extended 
Data Fig. 1j).
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Fig. 1 | Gpx4 loss triggers ferroptosis in lung tumours. a, Schematic of KP 
LUAD GEMMs intratracheally infected with pUSEC lentiviruses containing dual 
sgRNAs targeting Neo (control; n = 13) or Gpx4 (n = 13). Mice were dosed with 
LIP1 (sgNeo: n = 6, sgGpx4: n = 7) or vehicle (sgNeo: n = 7, sgGpx4: n = 6) every 
other day, starting from tumour initiation to experiment endpoint. b, Tumour 
burden of KP LUAD tumours with control (sgNeo) or Gpx4 (sgGpx4) knockout, 
treated with vehicle (Veh) or LIP1. c, Representative MRI of KP LUAD tumours 
with control (sgNeo) or Gpx4 (sgGpx4) knockout, treated with vehicle or LIP1.  
d, Representative haematoxylin and eosin (H&E) staining of KP LUAD tumours 
with control (sgNeo) or Gpx4 (sgGpx4) knockout, treated with vehicle or LIP1. 
Scale bars, 2,000 µm. e, Immunohistochemical detection of 4-HNE in KP LUAD 
tumours with control (sgNeo) or Gpx4 (sgGpx4) knockout, treated with vehicle 
or LIP1. f, Representative images of 4-HNE immunohistochemical staining  
from e. Scale bars, 20 µm. Data are mean ± s.e.m. One-way ANOVA with multiple 
comparisons (b,e). Drawing in a created in BioRender. Vaughan, A. (2025) 
https://BioRender.com/99qhixq.
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Since GPX4 expression did not appear to correlate with any clinical 
prognostic factors in patients with KRAS-mutant LUAD, we next investi-
gated FSP1, a second axis of ferroptosis surveillance (Fig. 2a). We found 
that FSP1 expression was robustly increased in tumours from patients 
with KRAS-mutant LUAD compared with normal lung, and exhibited a 
positive correlative trend with higher tumour stages (Extended Data 
Fig. 2a). Additionally, high FSP1 expression correlated with poor sur-
vival in patients with KRAS-mutant LUAD (Fig. 2b). Unlike GPX4, FSP1 
protein levels increased temporally as lung tumours progressed from 
adenomas to adenocarcinomas in KP GEMMs (Fig. 2c,d). Together, 
these findings suggest that FSP1 may constitute a major suppressor of 
ferroptosis in LUAD and is potentially a more viable therapeutic target 
than GPX4 for patients with lung cancer.

Since prior studies have suggested that FSP1 may be regulated 
by KRAS signalling41, to further determine whether FSP1 upregula-
tion was specific to KRAS-mutant LUAD, we stratified patients with 
LUAD by major oncogenic mutations. Again, FSP1 expression was 
robustly increased in tumours relative to normal lung tissue, and 
this upregulation was observed irrespective of driver mutation or 

KRAS variant (Extended Data Fig. 2b,c). Although FSP1 expression was 
more robustly upregulated in KRAS-mutant tumours compared with 
EGFR-mutant tumours, LUAD tumours with neither mutation also 
exhibited upregulation of FSP1 to the same extent as KRAS-mutant 
tumours. Next, we investigated whether the MAPK–ERK pathway 
regulates FSP1 expression. Both in vitro pathway inhibition with 
RMC-042, a pan-RAS inhibitor, in a panel of KRAS-mutant LUAD cell 
lines, as well as immunofluorescence of FSP1 and phosphorylated 
ERK in KP GEMM tumours revealed a lack of correlation between 
FSP1 expression and ERK activation (Extended Data Fig.  2d,e). 
Thus, these data indicate that FSP1 expression, at least in the con-
text of LUAD, may not be exclusively dependent on KRAS-mediated  
oncogenic signalling.

Given that patients with KRAS-mutant LUAD tumours often have con-
comitant mutations in STK11 and KEAP1, which indicate more advanced 
disease and poorer prognosis34,42, we also tested whether FSP1 expres-
sion was impacted by these mutations. We observed that FSP1 was sig-
nificantly increased in LUAD tumours with co-mutation of either STK11 
or KEAP1 (Extended Data Fig. 2f). Additionally, treatment of a panel of 

Fig. 2 | Fsp1 knockout robustly restricts lung tumorigenesis. a, Schematic 
depicting mechanisms of FSP1- and GPX4-mediated buffering against cellular 
lipid peroxidation and ferroptosis. GSH, reduced glutathione; GSSG, glutathoine 
disulfide; PUFA, polyunsaturated fatty acid; α-TOH, tocopherol (vitamin E).  
b, Overall survival of patients with KRAS-mutant LUAD (n = 280) from The Cancer 
Genome Atlas (TCGA), stratified by high versus low primary tumour FSP1 
expression. Median survival times for FSP1-high and FSP1-low tumours were 1,215 
days and 1,498 days, respectively (hazard ratio 1.51 [1.01–2.25]). c, Representative 
immunohistochemistry for FSP1 and GPX4 in KP LUAD GEMM adenomas versus 
adenocarcinomas (AdenoCA). Scale bars, 100 µm. d, Immunohistochemical 
detection of FSP1 expression in KP LUAD GEMM tumours at 10 weeks and 
14 weeks post-tumour initiation. e, Schematic of KP LUAD GEMMs intratracheally 
infected with pUSEC lentiviruses containing double sgRNAs targeting control 
(Neo; n = 4), Fsp1 (n = 7) or Gpx4 (n = 6). f, Tumour burden of KP LUAD tumours 
with knockout of either control (Neo), Fsp1 or Gpx4. g, Representative H&E 

staining of KP LUAD tumours with knockout of either control (Neo), Fsp1  
or Gpx4. Scale bars, 2,000 µm. h, Relative proportion of KP adenomas  
and adenocarcinomas with knockout of either control (Neo), Fsp1 or Gpx4.  
i, Representative TUNEL staining of KP, Fsp1KO and Fsp1WT orthotopic lung 
tumours. Scale bars, 50 µm j, Schematic depicting generation of isogenic 
Fsp1WT versus Fsp1KO cells for paralleled in vitro assays and in vivo syngeneic 
orthotopic transplantation studies. k, Representative images of crystal violet 
clonogenic growth assay in isogenic KP, Fsp1KO and Fsp1WT cells treated with 
RSL3 (0.5 µM) with or without LIP1 (100 nM). l, Tumour burden of KP, Fsp1KO 
(n = 8) and Fsp1WT (n = 7) orthotopic lung tumours. m, Representative H&E 
staining of KP, Fsp1KO and Fsp1WT orthotopic lung tumours. Scale bars, 2,000 µm. 
Data are mean ± s.e.m. Two-sided Student’s t-test (d,l), one-way ANOVA  
with multiple comparisons (f) or Kaplan–Meier simple survival analysis (b). 
Drawings in a,e,j created in BioRender. Vaughan, A. (2025) https://BioRender.
com/99qhixq.
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human LUAD cell lines with the NRF2 activator KI696 led to significantly 
increased FSP1 gene expression (Extended Data Fig. 2g). Of note, these 
findings are in accordance with recent studies that describe a role for 
NRF2, which is activated by KEAP1 mutations, in FSP1 upregulation43.

FSP1 is required for lung tumorigenesis
To systematically investigate the functional role of FSP1 in lung can-
cer, we initiated autochthonous KP LUAD tumours, this time with 
tumour-specific CRISPR–Cas9-mediated deletion of either Fsp1 or 
Gpx4 (Fig. 2e). Of note, we found that genetic deletion of Fsp1 (sgFsp1) 
in KP LUAD tumours strongly suppressed lung tumorigenesis, result-
ing in significantly decreased tumour burden to the same extent as 
Gpx4KO (sgGpx4) tumours (Fig. 2f,g). Efficient Fsp1 deletion was veri-
fied by immunohistochemistry, with less than 5% of tumours in the in 
sgFsp1 group still staining positive for FSP1 (Extended Data Fig. 3a). 
We did not observe significant changes to the total number or size of 
tumours formed across the three biological groups (Extended Data 
Fig. 3b,c), which suggested that loss of Fsp1 or Gpx4 primarily affects 
tumour progression rather than tumour initiation. We also observed 
that Fsp1 or Gpx4 deletion resulted in higher proportions of adenomas 
to adenocarcinomas compared with control tumours (Fig. 2h), indicat-
ing that FSP1 and GPX4 are functionally important for malignant disease 
progression. Additionally, there were no notable changes to tumour 
cell proliferation or apoptotic cell death (Extended Data Fig. 3d,e) in 
sgFsp1 or sgGpx4 tumours. By contrast, TUNEL staining of lung tumours 
demonstrated increased cell death with loss of FSP1 (Fig. 2i), suggest-
ing that the decreased lung tumour burden with Fsp1 or Gpx4 genetic 
deletion is likely to be due to increased tumour cell ferroptosis. Perhaps 
most notable is the extent to which Fsp1 deletion phenocopied Gpx4 
loss in vivo, as this phenotype, to our knowledge, has not previously 
been reported in any other cell lines, tissues or disease models.

FSP1 is required uniquely in vivo
The identification of FSP1 as a key regulator of ferroptosis arose from 
genetic screens to identify ferroptosis suppressors in the absence of 
functional GPX48,9. Thus, FSP1 is generally thought to control a second-
ary anti-ferroptotic axis whose function, at least in vitro, is masked when 
GPX4 is intact. Accordingly, we observed that CRISPR–Cas9-mediated 
Fsp1 deletion in KP LUAD cells had no effect on cell viability and clo-
nogenicity in vitro (Extended Data Fig. 4a). As expected, Fsp1KO cells 
were more sensitive to RSL3 treatment than isogenic Fsp1-wild-type 
(Fsp1WT) cells and were protected from killing following RSL3 adminis-
tration by LIP1 (Fig. 2k). Despite the remarkable restriction of KP LUAD 
tumorigenesis by Fsp1 loss in vivo, our in vitro studies indicated that 
the anti-ferroptotic function of FSP1 was not required by KP LUAD cells 
in the presence of GPX4.

We sought to dissect this dichotomy and better understand the dis-
tinct in vivo dependency of lung tumours on FSP1. We first performed 
a series of syngeneic transplantation experiments using isogenic KP, 
Fsp1KO and Fsp1WT cell lines with no proliferation differences in vitro to 
systematically characterize the impact of FSP1 loss on tumour growth 
and further interrogate whether FSP1-mediated tumour differences 
were specific to in vivo growth conditions (Fig. 2j and Extended Data 
Fig. 4b). Consistently, we found that Fsp1KO cells formed significantly 
smaller tumours in both immunocompetent subcutaneous xeno-
grafts (Extended Data Fig. 4c,d) as well as orthotopic lung tumours 
(Fig. 2l,m and Extended Data Fig. 4e,f). Robust suppression of Fsp1KO 
orthotopic lung tumour growth was similarly observed in immuno-
deficient athymic (NU/J) mice (Extended Data Fig. 4g), as well as in 
an immunogenic mouse model42 (Extended Data Fig. 4h). We also 
observed the same phenotype in age- and sex-matched Fsp1WT versus 
Fsp1KO mice (Extended Data Fig. 4i). These studies collectively provide 
strong evidence that the pro-tumorigenic effect of FSP1 is primarily 

cell intrinsic. Fsp1 overexpression (Fsp1OE) in KP LUAD cells exhibited 
no in vitro growth advantage (Extended Data Fig. 4j) but had enhanced 
resistance to killing by RSL3 (Extended Data Fig. 4k) and accelerated 
growth of xenograft tumours in vivo (Extended Data Fig. 4l,m). Alto-
gether, these results suggest that FSP1 is essential for survival of LUAD 
cells in vivo and that increased FSP1 expression is sufficient to promote 
Kras-mutant tumorigenesis in vivo.

FSP1 dependency is not mutation-specific
To more thoroughly interrogate the functional importance of FSP1 
for tumorigenesis and the translational potential for targeting FSP1 in 
cancer, we assessed the requirement of FSP1 for growth of xenograft 
tumours from human LUAD cell lines with a variety of driver muta-
tions, including KRAS, NRAS, EGFR, TP53, STK11 and KEAP1. We found 
that CRISPR–Cas9-mediated FSP1 genetic deletion consistently and 
markedly decreased tumour growth in all models tested. Specifically, 
knockout of FSP1 (sgFSP1) in H2009 (KRAS, TP53 mutant), H1299 (NRAS, 
TP53 mutant), PC9 and H1975 (EGFR, TP53 mutant) LUAD cells led to 
robust suppression of subcutaneous tumour growth (Fig. 3a–d), but, 
analogous to aforementioned studies, did not affect proliferation or 
viability of cells in vitro unless they were treated with RSL3 (Extended 
Data Fig. 5a–d). To assess whether KRAS-mutant tumours with STK11 
(LKB1) and/or KEAP1 mutations also depend on FSP1, we performed 
CRISPR–Cas9-mediated FSP1 deletion in A549 (KRAS, KEAP1, STK11 
mutant) and 16645 (Kras mutant, Stk11-null) LUAD cells. Again, we 
observed a dependency for FSP1 in vivo (Fig. 3e,f) but not in vitro 
(Extended Data Fig. 5e,f). Together these data provide further evi-
dence that FSP1 is indeed required for in vivo LUAD tumour growth 
irrespective of driver and co-mutations.

Finally, we tested whether KRAS-driven tumours of a different line-
age also exhibited a requirement for FSP1 in vivo. Transplantation of 
pancreatic adenocarcinoma (PDAC) Kras, Tp53 mutant (KPC7) cells 
with CRISPR–Cas9-mediated Fsp1 deletion also led to a robust tumour 
suppression in vivo (Fig. 3g and Extended Data Fig. 5g), mirroring the 
phenotype observed consistently in LUAD models and suggesting that 
FSP1 dependency in vivo may extend to other tissue lineages.

Ferroptosis inhibition rescues Fsp1 loss
We hypothesized that defective regulation of lipid peroxidation and 
subsequent induction of ferroptosis was the mechanism underlying 
Fsp1KO tumorigenic suppression. To assess this, we first performed 
epilipidomic analysis of Fsp1WT and Fsp1KO orthotopic lung tumours 
and observed that Fsp1KO tumours exhibited increased abundance of 
oxidized and truncated phosphatidylcholine and phosphatidyletha-
nolamine species, indicative of increased cellular lipid peroxidation 
(Fig. 4a). We then explored whether ectopic overexpression of FSP1 
or GPX4 (Extended Data Fig. 6a,b) was sufficient to restore the growth 
of Gpx4KO or Fsp1KO tumours, which would shed light on the capacity 
for each ferroptosis defence arm to compensate for the loss of the 
other. Indeed, we found that overexpression of FSP1 and GPX4 effec-
tively restored the growth of Gpx4KO and Fsp1KO tumours, respectively 
(Fig. 4b,c and Extended Data Fig. 6c,d). These data implicated that 
tumours require extensive buffering capacity against lipid peroxida-
tion, and that although GPX4 and FSP1 act through distinct pathways, 
each can compensate for the loss of the other.

Mechanistically, FSP1 has been shown to suppress ferroptosis by 
reducing the endogenous RTA CoQ, and this function is dependent on 
its localization to the plasma membrane. We utilized a liquid chroma-
tography–mass spectrometry (LC–MS)-based, quantitative method 
to determine the abundance of CoQ in tumours, which revealed that 
Fsp1KO tumours had a significantly decreased ratio of reduced CoQ9H2 
to oxidized CoQ9 (Fig. 4d). This decreased ratio was not present in 
genotypically matched cells at baseline in vitro, but upon treatment 
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with RSL3, Fsp1KO cells mimicked the decreased CoQ9H2/CoQ9 observed 
in tumours. Previous studies have described that mutation of the myris-
toylation sequence that targets FSP1 to the plasma membrane renders 
FSP1 unable to protect against lipid peroxidation in vitro8,9, which we 
also observed in KP LUAD cells (Extended Data Fig. 6e,f). We anticipated 
that expression of this mutant FSP1 (Fsp1mut) would be similarly unable 
to restore Fsp1KO tumour growth. Indeed, whereas Fsp1WT-restored 
tumours grew quickly, Fsp1mut and Fsp1KO tumours exhibited decreased 
growth (Extended Data Fig. 6g). These data suggest that tumours 
require Fsp1 enzymatic activity and subcellular localization in vivo to 
specifically buffer against ferroptosis.

Next, we explored whether ferroptosis suppression, using several 
orthogonal approaches including tumour-specific Acsl4 knockout, 

dietary vitamin E supplementation and LIP1 treatment would restore 
Fsp1KO tumour growth. Loss or inhibition of ACSL4, which limits the 
supply of PUFA-PL and restricts lipid peroxidation (Fig. 4e), has previ-
ously been shown to be protective against ferroptosis in Gpx4KO cells 
in vitro17–19. We therefore sought to determine whether genetic dele-
tion of Acsl4 would suppress ferroptosis and rescue the growth of 
Fsp1KO tumours in vivo. We performed CRISPR–Cas9-mediated genetic 
deletion of Acsl4 (sgAcsl4) in isogenic KP, Fsp1KO and Fsp1WT cells. We 
observed that loss of Acsl4 did not affect cell viability but robustly res-
cued RSL3-induced ferroptosis in vitro, in both Fsp1WT and Fsp1KO cells 
(Extended Data Fig. 6h). Of note, Acsl4 deletion significantly restored 
Fsp1KO lung tumour growth in vivo (Extended Data Fig. 6i) and mice 
with Acsl4- and Fsp1-double-knockout tumours were found to have 
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increased endpoint disease burden (Fig. 4f and Extended Data Fig. 6j) 
and decreased overall survival (Extended Data Fig. 6k). Furthermore, 
tumour-specific knockout of Acsl4 led to a basal acceleration of tumour 

growth (Extended Data Fig. 6i) and decreased overall survival (Extended 
Data Fig. 6k), suggesting that decreased accumulation of PUFA-PL in 
lung tumours may also protect against ferroptosis in vivo.
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Vitamin E is nature’s primary lipophilic antioxidant and is specifically 
able to scavenge lipid radicals and protect against ferroptosis (Fig. 4e). 
Therefore, we tested whether dietary vitamin E supplementation could 
rescue the growth of Fsp1KO lung tumours. Mice were fed diets that were 
high or low in vitamin E ad libitum either before or after tumour initia-
tion (Fig. 4g). We found that increased dietary vitamin E accelerated 
Fsp1KO tumour growth (Fig. 4h,i), with no effect on growth of Fsp1WT 
tumours (Extended Data Fig. 6l).

Finally, since LIP1 suppressed tumour lipid peroxidation and entirely 
mitigated the impact of Gpx4 loss on KP LUAD tumorigenesis (Fig. 1b–d), 
we conducted parallel studies to investigate whether LIP1 also blunts 
ferroptosis in and restores Fsp1KO tumorigenesis. In the orthotopic lung 
tumour model, we observed a tendency for Fsp1KO tumours to grow more 
quickly with daily LIP1 administration (Extended Data Fig. 6m). In the KP 
LUAD GEMM (Extended Data Fig. 6n), which was conducted in accord-
ance with experimental parameters for Gpx4KO GEMM studies, LIP1 treat-
ment significantly increased autochthonous Fsp1KO (sgFsp1) tumour 
burden (Extended Data Fig. 6o). Moreover, sgFsp1 tumours stained 
positively for 4-HNE, which was effectively suppressed by LIP1 treatment 
(Extended Data Fig. 6p). As observed with vitamin E supplementation, 
timing of LIP1 treatment did not appear to have a differential impact, 
as LIP1 treatment after tumours were already established was equally 
effective at restoring sgFsp1 lung tumorigenesis (Fig. 4j–l). Together, 
these studies provide clear evidence that LUAD tumours require FSP1 
to protect against ferroptosis in vivo and suggest that increased lipid 
peroxidation is a barrier for tumour growth and progression.

FSP1 inhibition extends overall survival
As a result of the growing interest in harnessing ferroptosis to kill 
tumour cells, several FSP1 inhibitors have been developed9,28, although 
the majority are effective only in vitro against human FSP1 in the con-
text of GPX4 loss or inhibition (Extended Data Fig. 7a–d). icFSP1 was 
recently developed as the first inhibitor of human FSP1 with in vivo 
stability and efficacy, albeit solely in tumours with concomitant  

GPX4 loss24. Accordingly, we observed that icFSP1 treatment of KP  
LUAD cells in vitro did not affect cell viability (Extended Data Fig. 7e) 
unless RSL3 was added (Extended Data Fig. 7f). Given that mouse and 
human FSP1 are highly conserved in sequence and structure, we gen-
erated a hybrid tumour model in which human FSP1 was expressed in 
mouse KP, Fsp1KO tumours. We observed that expression of either mouse 
or human FSP1 resulted in similar acceleration of tumour growth com-
pared with Fsp1KO tumours (Extended Data Fig. 7g,h), which indicated 
that human FSP1 can functionally compensate for mouse FSP1 in vivo.

Using this hybrid tumour model, we next tested whether icFSP1 had 
therapeutic benefit against lung cancer. We found that FSP1 inhibi-
tion as a monotherapy improved overall survival of mice bearing lung 
tumours, almost to the same extent as genetic Fsp1 deletion (Fig. 5a).  
To determine whether the therapeutic effect of icFSP1 was indeed 
due to the induction of ferroptosis, we tested whether LIP1, which we 
expected to restrict lipid peroxidation induced by FSP1 inhibition, 
would rescue tumour suppression in icFSP1-treated mice. In correlation 
with the survival data, we observed that icFSP1 treatment significantly 
decreased tumour growth compared with vehicle-treated mice, and 
concomitant LIP1 treatment abrogated the tumour-suppressive effect 
of icFSP1 treatment (Fig. 5b and Extended Data Fig. 7i). Further, to test 
whether icFSP1 was exerting an on-target, tumour-specific effect, we 
repeated the treatment study with an internal control—lung tumours 
expressing FSP1(Q319K), a mutant that is resistant to icFSP1 but main-
tains anti-ferroptotic function (Extended Data Fig. 7a,b). We found that 
icFSP1 treatment specifically extended overall survival of mice bear-
ing tumours expressing wild-type human FSP1 but not those bearing 
tumours expressing FSP1(Q319K) (Fig. 5c), indicating that indeed the 
tumour suppression seen with icFSP1 treatment was due to inhibitor 
activity directly on tumour cells.

We considered whether icFSP1 treatment also affected the tumour 
microenvironment, but we found no differences in the proportion of 
total T cells, neutrophils, alveolar or interstitial macrophages between 
the treatment groups (Extended Data Fig. 7j). These data further sug-
gest that icFSP1 primarily exerts on-target, tumour-specific effects, 
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although more granular immune profiling is needed to determine the 
potential effects, and thus potential side effects, of FSP1 inhibition on 
the tumour microenvironment. Finally, we utilized a patient-derived 
xenograft (PDX) model (LX465; KRASG12D, TP53-mutant) to further assess 
the therapeutic potential of FSP1 inhibition. We found that icFSP1 treat-
ment significantly decreased PDX tumour growth (Fig. 5d), further 
bolstering the translational potential of targeting FSP1 in patients with 
LUAD. These pre-clinical studies with icFSP1 are the first to demonstrate 
that FSP1 is a promising therapeutic target, and our work highlights 
FSP1 inhibition as a novel therapeutic strategy for improving disease 
outcome in patients with lung cancer.

Discussion
Cancer is a disease of hyperproliferation, and cancer cells increase their 
metabolic output to support sustained growth. This occurs at the cost 
of increased production of reactive oxygen species that can damage 
macromolecules such as lipids and have deleterious effects44,45. One 
such effect is excessive lipid peroxidation of membrane-associated 
PUFA-PLs, which can lead to ferroptosis, a unique non-apoptotic 
mechanism of cell death. Through our systematic interrogation of 
the key mechanisms that regulate aberrant lipid peroxidation in vivo, 
we demonstrated that ferroptosis constitutes a barrier to lung cancer 
and that lung tumours rely on GPX4 and uniquely, FSP1, to overcome 
ferroptosis and sustain tumorigenesis (Extended Data Fig. 7k,l).

Our work specifically highlights the dependence of lung tumours 
on FSP1 in vivo, even in the presence of functional GPX4 (Extended 
Data Fig. 7k). The companion study by Palma et al.46 reveals that this 
dependency extends beyond lung tumours, as they show that metas-
tasizing melanoma cells in the lymph also require FSP1 expression to 
buffer ferroptosis. These studies are the first reports of a context in 
which FSP1 and GPX4 are independently required for ferroptosis sup-
pression and therefore either can affect disease outcome. Moreover, 
analysis of GEMM and human lung tumours demonstrated that FSP1 
levels increase during tumour progression and correlate with poor 
survival. By contrast, GPX4 is ubiquitous in tumours and most tissues. 
Given that germline Gpx4KO mice are not viable47, whereas Fsp1KO mice 
are viable with no notable physiological defects20,48,49, the therapeutic 
window for targeting FSP1 with fewer toxic side effects is expected to 
be much greater than for GPX4. Furthermore, loss of GPX4 is toxic to 
T cells, which would suppress any anti-tumour immune responses50,51. 
Leveraging this unique requirement for FSP1 in lung cancer, our studies 
demonstrate the therapeutic benefit of FSP1 inhibition in promoting 
ferroptosis, suppressing tumour growth and extending survival as a 
monotherapy in aggressive pre-clinical lung cancer models. Similarly, 
the therapeutic potential of FSP1 inhibition in suppressing melanoma 
lymph node metastases is demonstrated in the accompanying Article46. 
Finally, our studies also underscore the value of in vivo pre-clinical 
models in capturing physiologically relevant metabolic dependencies 
that may be missed in vitro and pave the way for development of FSP1 
inhibitors for clinical testing in patients with lung cancer.
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Article
Methods

Cell lines
KP LUAD cell lines were obtained from the laboratory of T. Jacks. KP, 
Fsp1KO cell lines were generated by transient transfection of PX458 
(Addgene #48138) expressing an sgRNA targeting Fsp1. Single GFP-
positive clones were selected and FSP1 loss was validated by western 
blot. The 16645 cell line was developed from KrasG12D Stk11−/− GEMM 
as previously described52. KPC7 cells were obtained from the labo-
ratory of D. Simeone. All cell lines were maintained in DMEM or 
RPMI 160 (Corning) supplemented with 10% FBS (Sigma Aldrich) 
and gentamicin (Invitrogen) and were tested for mycoplasma  
regularly (PlasmoTest, InvivoGen). All mouse cell lines were authen-
ticated by PCR genotyping. All human cell lines used were purchased 
from ATCC and were authenticated by short-tandem-repeat profil-
ing. Genetic manipulation of cell lines was performed via lentivi-
ral transduction of plasmids, detailed in next section, followed by  
either puromycin (7 μg ml−1) or hygromycin (800 μg ml−1) selection for  
1 week.

Cloning/lentivirus generation
CRISPR–Cas9-mediated knockout of target genes was achieved by clon-
ing sgRNAs into pLenti-USEC or lentiCRISPRv2-puro vectors, as previ-
ously described31. In short, backbones were digested with Esp3I (New 
England Biosciences) and purified with a gel extraction kit (QIAGEN). 
sgRNAs were designed using CRISPick (Broad Institute), obtained from 
Integrated DNA Technologies (Coralville), annealed, phosphorylated, 
Esp3I-digested, and ligated into the purified digested backbones using 
Quick Ligase (New England Biosciences). Double sgRNA ultramers were 
designed and generated as previously described38. In brief, ultramers 
were Gibson-assembled to digested pDonor_sU6 (Addgene #69351), 
Esp3I-digested, and ligated to purified digested backbones. Guide RNA 
sequences used to make gene knockouts can be found in Supplemen-
tary Data 4. GPX4, mouse FSP1 and human FSP1 expression plasmids 
were generated using Gibson assembly of the respective cDNA into 
pLenti-v2-filler.

Lentivirus was generated by co-transfection of HEK293 cells with 
a viral vector and packaging plasmids psPAX2 (Addgene #12260) 
and pMD2.G (Addgene #12259) using PEI transfection reagent. 
Cell supernatant containing lentivirus was collected 72 h after 
transfection and filtered through 0.45-µm PVDF filters. For in vivo 
experiments, lentivirus was concentrated by ultracentrifugation at 
25,000 rpm for 2 h at 4 °C. The viral pellet was resuspended in PBS 
and stored at −80 °C until use. Viral titre was quantified with the use 
of a Cre-dependent GreenGo reporter cell line. For in vitro experi-
ments, medium containing virus was collected, filtered, and added 
directly to recipient cells with polybrene at 8 µg ml−1 for 48 h before  
selection.

Mouse models
All mouse experiments described in this study were approved by the 
NYU Institutional Animal Care and Use Committee (IACUC). Mice 
were housed according to IACUC guidelines in ventilated caging in a 
specific pathogen-free animal facility. For all mouse studies, ≥4 mice 
were used for each experimental condition. KrasLSL-G12D/+; Tp53fl/fl;  
Rosa26LSL-Cas9/LSL-Cas9 (KPC GEMMs) mice were bred as previously des
cribed31–35. C57BL/6 J ( JAX strain 000664) mice with the appropriate 
genotype, aged 8 to 12 weeks were randomly selected to begin tumour 
initiation studies with pUSEC lentivirus. Care was taken to ensure each 
experimental arm had an equal number of male and female mice. Mice 
were intratracheally infected with lentiviruses as described and moni-
tored until experimental endpoint. Tumour burden was quantified by 
H&E staining and analysed using QuPath software as a measurement 
of total tumour area/total lung lobe area. All quantifications were 
done with investigator blinded to the respective sample genotypes.  

All transplantation experiments were performed using nude ( JAX 
strain 002019), NOD SCID Gamma (NSG; JAX strain 005557 F), 
C57BL/6 J Fsp1-knockout (Conrad group16) or C57BL/6 J wild-type 
( JAX strain mice aged 8 to 12 weeks old). For mouse cell xenograft 
experiments, 100,000 cells in 100 µl of phosphate-buffered saline 
(PBS) was injected subcutaneously into each flank of the mouse. For 
the xenograft studies in Fig. 3 the number of cells injected per flank 
and whether they were injected with 50:50 PBS and Matrigel (Corn-
ing) are indicated as follows: H2009 (2 million cells + Matrigel), H1299  
(1 million cells), PC9 (1 million cells), H1975 (2 million cells + Matrigel), 
A549 (1 million cells), 16645 (500,000 cells), KPC7 (250,000 cells). 
All human cell line xenograft experiments were carried out in male 
NSG mice unless specified. For the PDX experiment, tumours were 
implanted subcutaneously in male NSG mice as previously described34. 
Tumours were measured with callipers, and volume was calculated 
based on 0.5 × length × width2. The maximum tumour diameter permit-
ted by our IACUC protocol was 2 cm, and this was not exceeded in any 
experiment. For orthotopic lung tumour experiments, 100,000 lucif-
erase-expressing cells in 200 μl of PBS were injected intravenously into 
tail vein of male mice unless specified in the legend. Tumour growth 
was measured by bioluminescence (PerkinElmer IVIS Spectrum In 
Vivo Imaging System; D-luciferin, PerkinElmer 122799). Data were 
analysed using Living Image software.

Antioxidant and drug treatments
For LIP1 treatment, mice were dosed with 10 mg kg−1 LIP1 (BOC Sci-
ences) or vehicle (2% DMSO + 40% PEG300 + 2% Tween 80 in sterile 
H2O) by intraperitoneal injection for frequency and duration indi-
cated in figure schematics. For icFSP1 treatment, mice were dosed 
with 50 mg kg−1 icFSP1 (WuXi LabNetwork) or vehicle (45% PEG300 in 
sterile PBS) by intraperitoneal injection twice daily. High (TD.2108412) 
and low (TD.210841) irradiated vitamin E diets were obtained from 
Inotivco and provided ad libitum for length of time indicated in figure 
legends. In all experiments, mice were randomly assigned to treatment  
group.

Cell clonogenic and viability assays
Cell clonogenic assays were conducted by seeding 2,000 cells per 
well into 12-well dishes (BD/Falcon) in RPMI-1640 medium. After 
12–16 h, medium containing RSL3 and/or LIP1 was added to wells. 
After 5 days of growth, plates were washed twice with PBS and stained 
with 0.5% crystal violet (Fisher Scientific) solution in 20% metha-
nol. Plates were dried, scanned, and crystal violet was quantified by 
solubilization with 10% acetic acid and measurement of absorbance 
at 592 nm by spectrometer (Molecular Devices). Cell viability assays 
were conducted by seeding 2,000 cells per well into white-walled, 
clear-bottom, 96-well plates (Corning) in RPMI-1640 medium. After 
12–16 h, medium containing RSL3, LIP1 and/or FSEN1, iFSP1 or icFSP1 
was added. After three days, cell viability was assessed by CellTiter-
Glo (Promega) and luminescence was measured by spectrometer  
(Molecular Devices).

Immunoblotting
Cells were plated to 75% confluency in a 6-well dish, and the following 
day cells were lysed on ice with Pierce RIPA buffer (ThermoScientific) 
containing 1× protease/phosphatase inhibitor cocktail (Thermo Fisher 
Scientific). Samples were sonicated in cooled 4 °C water (12 rounds, 
30 s on and 30 s off) and then centrifuged at 14,000 rpm at 4 °C for 
15 min. The supernatant was collected, and protein was quantified 
using the DC Rad Protein Assay kit. Protein was diluted to 1 μg μl−1 
with water and 4× NuPage LDS sample buffer, then boiled at 95 °C 
for 10 min. Twenty micrograms of protein per well was loaded into 
Invitrogen 4–12% Bis-Tris gels and then transferred onto PVDF mem-
branes using a standard protocol. PVDF membranes were then blocked 
using 5% BSA in TBST for 60 min at room temperature and incubated 



with primary antibodies in 5% BSA overnight at 4 °C. Primary anti-
bodies were obtained as follows: GPX4 (Abcam), FSP1 (Proteintech), 
ACSL4 (Santa Cruz Biotechnologies), phospho-ERK (Cell Signaling), 
ERK (Cell Signaling) and Hsp90 (BD Bioscences). The following day, 
membranes were washed in TBST and incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies for 1 h at room 
temperature. Enhanced chemiluminescent horseradish peroxidase 
substrate (ThermoScientific SuperSignal West PICO Plus) was added 
to the membrane for 1 min, and the resulting membrane was imaged 
using the General Electric Amersham Imager 680. For gel source data, 
see Supplementary Data 1.

Oxidized lipidomics
For the Gpx4-knockout experiment, cells were plated to 75% conflu-
ency in 6-well dishes. The following day, cells were treated with DMSO, 
RSL3 (0.5 µM), or RSL3(0.5 µM) plus LIP1(100 nM). After 8 h, cells were 
collected and washed in an antioxidant solution (PBS containing dibu-
tylhydroxytoluene (100 µM) and diethylenetriamine pentaacetate 
(100 µM)) and centrifuged. Supernatent was discarded and cell pel-
lets were immediately frozen in liquid nitrogen and stored at –80 °C. 
Frozen samples were sent on dry ice to Wayne State Lipidomics Core 
for metabolite extraction and LC–MS analysis.

Fsp1 wild-type and knockout tumour and cell lipidomic analysis were 
performed in the laboratory of Y.P.K. Fsp1 wild-type and knockout cells 
were plated at 75% confluency in 10 cm plates and treated as stated 
above. After euthanasia, mice were perfused with the antioxidant 
solution (+3.8% trisodium citrate), orthotopic tumours were microdis-
sected, frozen in liquid nitrogen and stored at –80 °C. Mouse lung cancer 
tissues were cryopulverized and extracted with chloroform:methanol 
(2:1, v/v) at a tissue concentration of 25 mg mL−1. For the cells, 1.0 × 107 
cells were extracted by 1 ml of chloroform:methanol (2:1, v/v). Equi
SPLASH LIPIDOMIX internal standard (Avanti Polar Lipids) was added 
to the extraction solvent at 0.1 µg ml−1 per lipid class. Samples were 
sonicated on ice for 1 min using a VCX 130 probe sonicator (5 s on/
off cycles), incubated for 30 min, and centrifuged at 17,000 × g for 
20 min at 4 °C. The supernatant was was dried under vacuum (EZ-2 
Elite, Genevac), reconstituted in 10% of the original volume with 
isopropanol, and transferred to glass autosampler vials for LC–MS 
analysis. Chromatographic separation was performed using a Waters 
ACQUITY UPLC CSH C18 column (100 × 2.1 mm, 1.7 µm) with a Van-
Guard precolumn (5 × 2.1 mm, 1.7 µm). Mobile phase A consisted of 
acetonitrile/water (60:40, v/v), and mobile phase B of isopropanol/
acetonitrile (90:10, v/v), both containing 5 mM ammonium formate 
and 0.1% formic acid. The column was maintained at 65 °C with a flow 
rate of 0.6 ml min−1. The gradient was as follows: 0–2 min, 15–30% B;  
2–2.5 min, 30–48% B; 2.5–11 min, 48–82% B; 11–11.5 min, 82–99% B; 
11.5–12 min, 99% B; 12–12.1 min, 99–15% B; and 12.1–16 min, hold at 15% B 
for re-equilibration. Mass spectrometry was performed on a Q Exactive 
Plus Quadrupole-Orbitrap (Thermo Fisher Scientific) equipped with 
a heated electrospray ionization (HESI) source and operated in nega-
tive ion mode. Source settings were: sheath gas, 60 a.u.; auxiliary gas,  
25 a.u.; sweep gas, 2 a.u.; spray voltage, 3.0 kV; capillary temperature, 
320 °C; S-lens RF level, 50%; and auxiliary gas heater temperature, 
370 °C. Parallel reaction monitoring (PRM) was carried out with the 
following parameters: resolution, 17,500 at m/z 200; AGC target, 2 × 105; 
maximum injection time, 50 ms; isolation window, m/z 1.2; and stepped 
normalized collision energies of 20, 30, and 40. The oxidized lipid anal-
ysis was adapted by previous PRM based analysis53. To generate the PRM 
inclusion list, pooled sample extracts were first analysed in DDA mode 
to identify the most abundant polyunsaturated phosphatidylcholine 
and phosphatidylethanolamine species using Lipostar254. These pre-
cursors were subjected to in silico oxidation using LPPtiger2 to predict 
candidate oxidized lipids. A semi-targeted DDA experiment was then 
conducted to confirm precursor detectability and finalize the inclu-
sion list53. Data were analysed using Skyline (v24.1)55. Quantification 

was based on fragment anions derived from oxidized fatty acyl chains, 
with peak areas normalized to phosphatidylcholine(15:0/18:1(d7)) or  
phosphatidylethanolamine(15:0/18:1(d7)) internal standards from 
the EquiSPLASH LIPIDOMIX mixture.

CoQ9 and CoQ9H2 analysis
CoQ9 and CoQ9H2 analysis was conducted by modification of previ-
ous study56. The D9-CoQ10 standard was purchased from IsoSciences 
(Ambler, PA, USA). The D6-CoQ10H2 standard was synthesized from  
D6-CoQ10, which was obtained from Good Laboratory Practice Biosci-
ence (Montclair, CA, USA). The CoQ9 standard was purchased from 
Tokyo Chemical Industry (Tokyo, Japan), and CoQ9H2 was synthesized 
from CoQ9. D6-CoQ10H2 and D9-CoQ10 were used as internal standards 
for the CoQ9H2 and CoQ9, respectively. Chloroform: methanol (2:1, v/v), 
containing internal standards of 0.5 µM of D6-CoQ10H2 and D6-CoQ10 
was used to extract mouse lung cancer tissue at a tissue concentra-
tion of 25 mg ml−1. For the cells, 1.0 × 107 cells were extracted by 1 ml 
of same extraction solvent. Samples were then sonicated on ice for 
1 min using a VCX 130 probe sonicator (5 s on/off cycles), incubated 
for 30 min, and centrifuged at 17,000g for 20 min at 4 °C. A 100 µl ali-
quot of the supernatant was transferred to glass autosampler vials 
for LC–MS/MS analysis. The liquid chromatography conditions were 
identical to those used for oxidized lipid analysis. Q Exactive Plus MS 
was operated in positive ion mode. Source settings were as follows: 
sheath gas, 60 a.u. (arbitrary units); auxiliary gas, 25 a.u.; sweep gas, 
2 a.u.; spray voltage, 3.0 kV; capillary temperature, 320 °C; S-lens RF 
level, 50%; and auxiliary gas heater temperature, 370 °C. The mass 
range was m/z 120–1,200; resolution, 70,000 at m/z 200; AGC target, 
1 × 106; and maximum injection time, 100 ms. By using EL–MAVEN 
(v0.12.0), the LC–MS peaks of CoQ9, CoQ9H2, D6-CoQ10H2, D6-CoQ10, 
and D9-CoQ10 were identified by matching with standard library and 
their peak areas were extracted with 10 ppm error range. Stand-
ard curves were generated using known concentrations of CoQ9H2 
and CoQ9, and used to calculate the concentrations of CoQ9H2 and 
CoQ9 in the samples following an algorithm described in a previous  
study56.

Immunohistochemistry
Tumour-bearing mice were euthanized by carbon dioxide asphyxia-
tion, after which the lungs were dissected and fixed in 4% PFA solution 
overnight. Fixed lungs were washed with PBS 2 times, transferred, and 
stored in 70% ethanol, until cassette loading and paraffin embedding. 
Sections were cut and stained with H&E. For immunohistochemistry 
with the exception of TUNEL staining, sections were immunostained 
on a Leica BondRX automated stainer according to the manufac-
turer’s instructions. In brief, tissues underwent deparaffinization 
online, followed by epitope retrieval for 20 min at 100° with Leica 
Biosystems ER2 solution (pH9, AR9640), endogenous peroxidase 
activity blocking with H2O2, and non-specific binding site blocking 
with Rodent Block M (Biocare, RBM961L) and Bond Primary Antibody 
Diluent (Leica Biosystems, AR9352). Sections were then incubated 
with primary antibodies against GPX4 (Abcam), FSP1 (obtained from 
M. Conrad), 4-HNE ( JaICA), Ki67 and cleaved caspase-3 for 60 min at 
room temperature. Primary antibodies were detected with anti-rat 
HRP-conjugated polymer (Biocare, BRR4016H), 3,3′-diaminobenzidine 
(DAB) substrate (provided in the Leica BOND Polymer Refine Detec-
tion System, DS9800), and for 4-HNE staining Bond DAB Enhancer 
(Leica Biosystems, AR9432). Following counter-staining with haema-
toxylin, slides were scanned at 40× on a Hamamatzu Nanozoomer 
(2.0HT). TUNEL staining was performed by Histowiz according to their  
protocol.

For OPAL imaging, coronal 5-µm sections were immunostained on 
a Leica BondRx auto-stainer according to the manufacturer’s instruc-
tions. In brief, sections were deparaffiinized online and then treated 
with 3% H2O2 to inhibit endogenous peroxidases, followed by antigen 
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retrieval with either ER1 (Leica, AR9961; pH6) or ER2 (Leica, AR9640; 
pH9) retrieval buffer at 100 °C for 20 min. After blocking with either 
Rodent Block M (Biocare, RBM961L) or Primary Antibody Diluent 
(Leica, AR93520), slides were incubated with the first primary anti-
body (FSP1 (obtained from M. Conrad); phospho-ERK1/2, CST; GPX4, 
Abcam) and secondary HRP polymer pair, followed by HRP-mediated 
tyramide signal amplification with a specific Opal fluorophore. Once 
the Opal fluorophore was covalently linked to the antigen, primary 
and secondary antibodies were removed with a heat retrieval step. 
This sequence was repeated three more times with subsequent pri-
mary and secondary antibody pairs, using a different Opal fluorophore 
with each primary antibody (see table below for primary antibody 
sequence and reagent details). After antibody staining, sections were 
counterstained with spectral DAPI (Akoya Biosciences, FP1490) and 
mounted with ProLong Gold Antifade (ThermoFisher Scientific, 
P36935). Semi-automated image acquisition was performed on an 
Akoya Vectra Polaris (PhenoImagerHT) multispectral imaging system. 
Slides were scanned at 20× magnification using PhenoImagerHT 2.0 
software in conjunction with Phenochart 2.0 and InForm 3.0 to generate 
unmixed whole slide qptiff scans. All image files were uploaded to the 
NYUGSoM’s OMERO Plus image data management system (Glencoe  
Software).

Flow cytometry
Lung tissue was processed into a single-cell suspension for flow 
cytometry as previously described42,57. In brief, prior to euthanasia, 
mice were injected with 2 μg of Anti-mouse CD45-APC conjugated 
antibody (Biolegend, Clone 30-F11, 103111) retro-orbitally. Lungs were 
harvested and digested with Collagenase (Sigma-Aldrich, C5138) and 
deoxyribonuclease I (Sigma-Aldrich, DN25) followed by red blood cell 
lysis. Single cells were then resuspended in fluorescence-activated cell 
sorting (FACS) buffer and stained using the following antibodies: CD45 
(Biolegend, 103132), CD11b (Biolegend, 101216), CD11c (Biolegend, 
117324), Ly6G (Biolegend, 127622), MHCII (BD, 748708), CD103 (Bio
legend, 121433), CD64 (Biolegend, 139309), SiglecF (BD, 740956), MertK 
(R&D, BAF591), CD45 (BD, 748371), CD3e (BD, 740854), CD4 (Invitrogen, 
MCD0428), CD8a (EBioscience, 563152) and Secondary (Streptavidin) 
(BD, 564176). Samples were run on the BD LSRFortessa and analysed 
on FlowJo version 10. Gating strategy is presented in Supplementary  
Data 2.

TCGA analyses
Gene expression profiles of primary tumours and relevant clinical data 
of 515 patients with LUAD were obtained from The Cancer Genome 
Atlas6 (TCGute.org). GPX4 and FSP1 (AIFM2) mutational status of 
TCGA tumour samples was retrieved from cBioPortal151 using the 
TCGA PanCancer Atlas collection (https://gdc.cancer.gov/about-data/ 
publications/pancanatlas). For survival data, patients were strati
fied based on GPX4 or FSP1 expression and overall survival rates 
were plotted to compare patients with high-GPX4 or FSP1 expression  
(top 50% above median expression) with the rest of the cohort  
(n = 464 patients). All survival analyses were conducted using the  
survival curve analyses in GraphPad Prism v9.

Statistics and reproducibility
Statistical analysis was performed using GraphPad Prism v9. All data 
are expressed as mean plus standard error of the mean, unless other-
wise specified. Data were analysed by statistical tests as indicated in 
figure legends. All tests were two-tailed and replicates are biological 
unless otherwise stated. All western blots were replicated at least three 
times with results reproducible of data shown in figures. All in vitro 
assays were replicated at least three times with a minimum of n = 3 
biological replicates per group for statistical power. For all in vivo 
experiments, the minimum sample size was four independent mice 
or tumours and respective sample size per genotype or condition is 

further specified in the figure legend. Sample size was not calculated 
but was chosen in each experiment based on previous experience 
with various models and to ensure that there were enough samples for 
statistical power. All in vivo experiments were replicated at least twice 
with results reproducible of data shown in figures. When representa-
tive images are shown, a minimum of three samples from the larger 
cohort were stained from each group. In the case of representative MRI 
images, all mice from the cohort were imaged. During sample process-
ing and analysis for the lipidomic the samples were given numeric IDs 
which after analysis, were unblinded and graphed. For histological 
and immunohistochemistry analysis, researcher was blinded to the 
sample condition. The investigators were not blinded during most 
other data collection or analysis.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data and raw gel images are included with the paper. Raw lipidomic 
data have been deposited in the MassIVE data base (https://massive.
ucsd.edu/) under accession number MSV000098883. Analysed lipi-
domic data are available in Supplementary Data 3. Gene expression 
profiles of primary tumours and relevant clinical data of 515 patients 
with LUAD were obtained from The Cancer Genome Atlas (https://
www.cancer.gov/ccg/research/genome-sequencing/tcga). GPX4, 
FSP1 (AIFM2), KRAS, EGFR, KEAP1 and STK11 mutational status of 
TCGA tumour samples was retrieved from cBioPortal151 using the 
TCGA PanCancer Atlas collection (https://gdc.cancer.gov/about-data/ 
publications/pancanatlas). All other materials are available upon 
request from T.P. Source data are provided with this paper.
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Extended Data Fig. 1 | Gpx4 is required by lung cancer cells. a, Quantification 
and representative images of Gpx4 IHC in KP LUAD GEMM tumours with 
knockout of either control (Neo, n = 11) or Gpx4 (n = 12). Scale bars: 200 µm. 
b, Representative 4-hydroxy-2-noneal (4-HNE) IHC of liver tissue from 
conditional Gpx4-knockout mice. Scale bars: 100 µm. c, Top: Western blot of KP 
LUAD cells with CRISPR/Cas9-mediated genetic deletion of Gpx4 with either 
two individual or duplexed sgRNAs. Bottom: representative images of crystal 
violet clonogenic assay of KP LUAD cells with knockout of either control (Neo) 
or Gpx4. Cells were treated with 100 nM LIP1. d, Heatmap of LC-MS detection  
of oxidized phospholipids in KP LUAD cells treated with DMSO control, RSL3 
(0.5 µM), and RSL3 (0.5 µM) + LIP1 (100 nM) for 8 h. e, Schematic of Gpx4 
ectopic overexpression (OE) method in KP LUAD cells. Western blot and 
representative images of crystal violet clonogenic assay of KP LUAD cells  
with wildtype (WT) or OE of Gpx4. f, CellTiter-Glo Luminescence viability  
assay of KP, Gpx4WT or Gpx4OE cells upon increasing concentrations of RSL3 

(n = 5 per group). g, Western blot of KP LUAD cells treated with 20 nM Na2SeO3 
or DMSO. CellTiter-Glo Luminescence viability assay of KP LUAD cells treated 
with 20 nM Na2SeO3 or DMSO with increasing RSL3 addition (n = 5 per group). 
h, GPX4 expression in KRAS-mutant primary LUAD tumours from TCGA, divided 
into early and late tumour stages (normal lung, n = 54; stage I/II, n = 354; stage 
III/IV, n = 98). i, Overall survival of KRAS-mutant LUAD patients (n = 464) from 
TCGA, stratified by high vs low tumour GPX4 expression. j, Tumour Gpx4 IHC 
quantification of KP LUAD GEMM tumours at 10 weeks (n = 4) vs 14 weeks (n = 4) 
post-tumour initiation. Box plots indicate median (middle line), 25th, 75th 
percentile (box) and 5th and 95th percentile (whiskers). Data are represented as 
mean values, error bars represent SEM, significance determined via one-way 
ANOVA with multiple comparisons (panel h), two-sided student’s t-test (panel j) 
or Kaplan-Meier simple survival analysis (panel i). For gel source data, see 
Supplementary Data 1. Drawing in d created in BioRender. Vaughan, A. (2025) 
https://BioRender.com/99qhixq.

https://BioRender.com/99qhixq


Extended Data Fig. 2 | FSP1’s anti-ferroptotic function is not dependent on 
oncogenic signalling. a, FSP1 (AIFM2) expression of KRAS-mutant primary 
LUAD tumours from TCGA, divided into early and late tumour stages (normal 
lung, n = 54; stage I/II, n = 354; III/IV, n = 98). b, FSP1 (AIFM2) expression of 
KRAS-mutant primary LUAD tumours from TCGA, separated by the KRAS 
mutation (G12C n = 51; G12V n = 32; G12D n = 17; G12A n = 16; other n = 20).  
c, FSP1 (AIFM2) expression of primary LUAD tumours from TCGA, separated by 
oncogenic driver mutation (normal lung, n = 59; EGFR, n = 71; KRAS, n = 135; 
other n = 307). d, Western blot of KP LUAD human cell lines treated with 50 nM 
RMC-042 for indicated durations. e, representative multi-IF images of KP 

tumours for markers indicated. Panels are 10X, scale bars: 50 µm; insets are 
20X, scale bars: 20 µm. f, FSP1 (AIFM2) expression of KRAS-mutant primary 
LUAD tumours from TCGA, separated by tumour co-mutation status 
(KEAP1/STK11 WT n = 88; STK11 mutant n = 20; KEAP1 mutant n = 16; KEAP1/
STK11 mutant n = 11). g, FSP1 (AIFM2) expression in KP LUAD human cell lines 
treated with an Nrf2 activator, KI696, for 5 days (n = 3 per group). Box plots 
indicate median (middle line), 25th, 75th percentile (box) and 5th and 95th 
percentile (whiskers). Data are represented as mean values, error bars 
represent SEM, significance determined via one-way ANOVA with multiple 
comparisons (panels a–c, f, g). For gel source data, see Supplementary Data 1.
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Extended Data Fig. 3 | Neither Fsp1 nor Gpx4 have an impact on tumour 
initiation, proliferation, or apoptosis. a, Quantification and representative 
images of tumour Fsp1 IHC in KP LUAD GEMMs with knockout of either control 
(Neo, n = 11) or Fsp1 (n = 14). Scale bars: 100 µm. b, Tumour number quantification 
in KP LUAD GEMMs with tumour-specific knockout of either control (Neo, n = 4), 
Fsp1 (n = 7), or Gpx4 (n = 6). c, Individual area of KP LUAD GEMM tumours with 
knockout of either control (Neo, n = 465), Fsp1 (n = 453), or Gpx4 (n = 384).  

d, Quantification of Ki67 IHC of KP LUAD GEMM tumours with knockout of 
either control (Neo, n = 355), Fsp1 (n = 268), or Gpx4 (n = 291). e, Quantification 
of cleaved caspase-3 IHC of KP LUAD GEMM tumours with knockout of either 
control (Neo, n = 46), Fsp1 (n = 22), or Gpx4 (n = 52). Data are represented as 
mean values, error bars represent SEM, significance determined via one-way 
ANOVA with multiple comparisons (panels b–e).



Extended Data Fig. 4 | Fsp1 is required for cell-autonomous tumour growth 
in vivo. a, Top: Western blot of KP LUAD cells with CRISPR/Cas9-mediated 
genetic deletion of Fsp1 with either two individual or duplexed sgRNAs. 
Bottom: representative images of crystal violet clonogenic assay of KP LUAD 
cells with knockout of either control (Neo) or Fsp1. Cells were treated with 
100 nM LIP1. b, Schematic depicting all transplantation models performed 
using isogenic KP, Fsp1KO and Fsp1WT. c,d, Longitudinal growth and endpoint 
tumour weights of KP sgFsp1 (n = 8) versus control (sgNeo n = 10) subcutaneous 
(subQ) xenograft tumor transplanted into C57BL/6 J male mice. e, Longitudinal 
lung tumour growth (measured via bioluminescence) in C57BL/6 J male mice 
orthotopically transplanted with KP LUAD cells with CRISPR/Cas9-mediated 
knockout of Fsp1 (n = 8) or control (n = 7). f, Longitudinal lung tumour growth 
(measured via bioluminescence normalized to first timepoint (day 7)) in 
C57BL/6 J male mice orthotopically transplanted with isogenic KP, Fsp1KO (n = 6) 
and Fsp1WT (n = 7) cells. g, Longitudinal lung tumour growth (measured via 
absolute bioluminescence) in NU/J immunocompromised mice orthotopically 
transplanted with isogenic KP, Fsp1KO (n = 6) and Fsp1WT (n = 7) cells. 
h, Longitudinal lung tumour growth (measured via absolute bioluminescence) 

in C57BL/6 J female mice with orthotopic transplantation of isogenic KP, Fsp1KO 
(n = 8) and Fsp1WT (n = 8) cells. i, Longitudinal tumour growth and endpoint 
tumour weights of either isogenic KP, Fsp1KO or Fsp1WT subcutaneous (subQ) 
xenograft tumours transplanted in either C57BL/6 J WT (Fsp1KO, male n = 10 
female n = 10; Fsp1WT, male n = 8, female n = 10) or C57BL/6 J Fsp1-knockout mice 
(Fsp1KO, males n = 6, females n = 6; Fsp1WT, male n = 4,  female n = 6). j, Western 
blot of KP LUAD cells with wildtype (WT) or overexpression (OE) of Fsp1. 
Representative images of crystal violet clonogenic assay of KP LUAD cells with 
Fsp1WT or Fsp1OE. k, CellTiter-Glo Luminescence viability assay of KP, Fsp1WT or 
Fsp1OE cells (5 biological replicates per group) with increasing concentrations 
of RSL3. l,m, Longitudinal growth and endpoint weights of KP Fsp1WT (n = 10)  
or Fsp1OE (n = 10) subcutaneous (subQ) xenograft tumour transplanted  
into C57BL/6 J male mice. Data are represented as mean values, error bars 
represent SEM, significance determined via one-way ANOVA with multiple 
comparisons (panel i), two-way ANOVA with Tukey’s multiple comparisons test 
(panels c, e–h, l), or two-sided student’s t-test (panels d, m). For gel source  
data, see Supplementary Data 1. Drawings in b,c,e–h,l created in BioRender. 
Vaughan, A. (2025) https://BioRender.com/99qhixq.

https://BioRender.com/99qhixq
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Extended Data Fig. 5 | FSP1 loss in vitro does not induce ferroptosis without 
RSL3. a, Top: Western blot; bottom: baseline growth (normalized to control); 
and right: CellTiter-Glo Luminescence viability assay of H2009 cells with the 
lentiviral addition of Cas9 and guide RNAs targeting FSP1 or a non-targeting 
control (TOM) (at least 4 biological replicates per group). Viability assay is upon 

increasing concentrations of RSL3. b, As in a, but with H1299 cells. c, As in a, but 
with PC9 cells. d, As in a, but with H1975 cells. e, As in a, but with A549 cells. f, As 
in a, but with 16645 cells. g, As in a, but with KPC7 cells. Data are represented as 
mean values, error bars represent SEM, significance determined via two-sided 
student’s t-test (panels a–g). For gel source data, see Supplementary Data 1.



Extended Data Fig. 6 | Fsp1 loss promotes tumour cell ferroptosis. 
a, Western blot of KP, Gpx4KO LUAD cells with either empty vector (—) or Fsp1OE. 
b, Western blot of KP, Fsp1KO LUAD cells with re-expression of either empty 
vector (—), Fsp1WT, Gpx4OE. c, CellTiter-Glo Luminescence viability assay of KP, 
Fsp1KO LUAD cells in b upon increasing concentrations of RSL3. d, Endpoint 
tumour weights of subcutaneous (subQ) xenograft tumours from indicated 
cell lines transplanted in C57BL/6 J female mice (control n = 10; Fsp1WT, n = 9; 
Gpx4OE; n = 8). e, Top: Western blot of KP, Fsp1KO LUAD cells with re-expression 
of either empty vector (—), wildtype (WT) Fsp1, or mutant (mut) Fsp1. Bottom: 
representative images of crystal violet clonogenic assay. f, CellTiter-Glo 
Luminescence viability assay of KP, Fsp1KO LUAD cells with re-expression of 
either empty vector (Fsp1KO), Fsp1WT, or Fsp1mut upon increasing concentrations 
of RSL3. LIP1 used at 100 nM. g, Longitudinal tumour growth (measured via 
bioluminescence normalized to initial imaging timepoint (day14)) in C57BL/6 J 
male mice orthotopically transplanted with isogenic KP, Fsp1KO LUAD cells with 
re-expression of either empty control vector (Fsp1KO, n = 7), Fsp1WT (n = 7), or 
Fsp1mut (n = 7). h, Representative images of crystal violet clonogenic assay of KP, 
Fsp1WT or Fsp1KO LUAD cells with CRISPR/Cas9- mediated knockout of control 
(Neo) or Acsl4. i, Longitudinal tumour growth (measured by bioluminescence) 
of C57BL/6 J male mice with orthotopic transplantation of isogenic KP, Fsp1KO 
and Fsp1WT cells with CRISPR/Cas9-mediated knockout of control (Neo) or 
Acsl4 (WT, n = 5; Acsl4KO, n = 4; Fsp1KO, n = 7; Fsp1KOAcsl4KO, n = 7). j, Representative 

H&E of experiment in i. Scale bars: 1000 µm. k, Overall survival of C57BL/6 J male 
mice with orthotopic transplantation of isogenic KP, Fsp1KO and Fsp1WT cells 
with CRISPR/Cas9-mediated knockout of control (Neo) or Acsl4 (n = 5 per 
group). l, Longitudinal tumour growth (measured via bioluminescence 
normalized to first imaging timepoint (day7)) of C57BL/6 J mice orthotopically 
transplanted with KP, Fsp1WT cells and receiving high (n = 6) or low (n = 5) VitE 
diets ad libitum 5 days pre-tumor initiation. m, Tumour bioluminescence signal 
normalized to first imaging timepoint (day7) of C57BL/6 J mice orthotopically 
transplanted with KP, Fsp1KO cells and receiving Liproxstatin-1 (LIP1, n = 7) or 
vehicle (Veh, n = 5) daily after tumour establishment. n, Schematic of KP LUAD 
GEMMs intratracheally infected with pUSEC lentiviruses containing dual 
sgRNAs targeting Fsp1. Mice were dosed with LIP1 (n = 6) or Vehicle (Veh, n = 6) 
every other day starting from tumour initiation. o, Tumour burden of KP LUAD 
GEMMs with CRISPR/Cas9-mediated knockout of Fsp1 and treated with Veh or 
LIP1. p, Representative H&E and 4-HNE IHC of KP LUAD GEMM tumours with 
knockout of Fsp1 and treated with Veh or LIP1. Scale bars: 1000 µm. Data are 
represented as mean values, error bars represent SEM, significance determined 
via one-way ANOVA (panel d), two-way ANOVA with Tukey’s multiple comparisons 
(panels g, i, l, m), two-sided student’s t-test (panel o), or Kaplain-Meier simple 
survival analysis (panel k). For gel source data, see Supplementary Data 1. Drawing 
in n created in BioRender. Vaughan, A. (2025) https://BioRender.com/99qhixq.

https://BioRender.com/99qhixq
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Extended Data Fig. 7 | icFSP1 exerts on-target tumor-suppressive effect. 
a, Top: Western blot of KP, Fsp1KO LUAD cells with re-expression of either empty 
vector (—), wildtype (WT) hFSP1, or Q319K-mutant hFSP1. Bottom: representative 
images of crystal violet clonogenic assay. b, Cell-TiterGlo Luminescence viability 
assay of KP, Fsp1KO LUAD cells with re-expression of either empty vector (—), WT 
hFSP1, or Q319K-mutant hFSP1. c, CellTiter-Glo Luminescence viability assay of 
human or mouse Fsp1WT-expressing cells upon RSL3 (0.2 µM) plus increasing 
concentrations of iFSP1. d, CellTiter-Glo Luminescence viability assay as in c but 
with FSEN1. e, CellTiter-Glo Luminescence viability assay of human or mouse 
Fsp1WT-expressing cells upon increasing concentrations of icFSP1. f, CellTiter-Glo 
Luminescence viability assay of WT or Q319K-mutant hFSP1-expressing cells 
upon RSL3 (0.2 µM) plus increasing concentrations of icFSP1. g, Longitudinal 
tumour growth (measured via bioluminescence normalized to first imaging 
timepoint (day7)) in C57BL/6 J mice orthotopically transplanted with isogenic 
KP, Fsp1KO cells with re-expression of either human FSP1 (hFSP1, n = 5), mouse 
Fsp1 (mFsp1, n = 6), or control (n = 6) vector. h, Tumour burden and representative 

H&E of KP, Fsp1KO (n = 4) and hFSP1WT (n = 4) orthotopic lung tumours. Scale bars: 
1000 µm. i, Representative H&E of KP, hFSP1WT orthotopic lung tumours from 
indicated treatment groups. Scale bar: 2000 µm. j, Percent of T cells, alveolar 
macrophages, interstitial macrophages, and neutrophils of total CD45+ cells in 
tumour bearing lungs from mice treated with the indicated compounds for two 
weeks (Veh, n = 8; LIP1, n = 7; icFSP1, n = 9; icFSP1 + LIP1, n = 6). k, Graphical 
summary depicting ferroptosis as a barrier to lung cancer, as loss of either Fsp1 
or Gpx4 induces tumour cell ferroptosis and restricts disease progression. 
l, Summary table of cell lines, their respective tumour lineage, and mutations 
where Fsp1 loss resulted in tumour suppression in vivo. For all Cell-TiterGlo 
assays, n = 5 biological replicates per group. Data are represented as mean 
values, error bars represent SEM, significance determined via one-way ANOVA 
with multiple comparisons (panels g, j) or student’s t test (panel h). For gel 
source data, see Supplementary Data 1. Drawings in k created in BioRender. 
Vaughan, A. (2025) https://BioRender.com/99qhixq.
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