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FSP1, a novel KEAP1/NRF2 target gene regulating ferroptosis 
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ABSTRACT
In the study of "A targetable CoQ-FSP1 axis drives ferroptosis- and radiation-

resistance in KEAP1 inactive lung cancers" which was published earlier in Nature 
Communications, the authors have identified a novel KEAP1/NRF2 target gene, FSP1, 
and demonstrated that FSP1 plays an essential role in NRF2-mediated ferroptosis 
resistance and radioresistance in KEAP1-deficient lung cancer cells. Currently, many 
NRF2 target genes have been found to participate in the regulation of ferroptosis, 
and exactly which one plays a dominant role seems unclear. This study proposes that 
FSP1 is the key effector in NRF2-mediated ferroptosis resistance and radioresistance 
in KEAP-deficient lung cancer cells, as we discussed in the manuscript.

INTRODUCTION

KEAP1-NRF2 regulatory pathway plays a vital 
role in the protection of cells against oxidative damage. 
Regulation of NRF2 by KEAP1 through cul3-keap1 
ubiquitin E3 ligase complex has been implicated in 
various diseases including cancer, which must be 
considered for novel therapeutic development. KEAP1 
mutation frequently occurs in non-small cell lung cancers 
like lung adenocarcinoma (LUAD) and lung squamous 
cell carcinoma (LUSC), which is significantly associated 
with aggressive tumor growth, resistance to available 
therapies, and poor prognosis [1, 2]. Mechanistically, 
KEAP1 mutation-induced NRF2 stabilization initiates 
the transcription of antioxidant response element (ARE)-
containing genes, including those involved in iron 
metabolism (like FTH1, FTL, HMOX1, etc.) or GSH 
metabolism (SLC7A11, GCLC, GCLM, GSS, TXNRD1, 
etc.), which contributes to cell survival and tumor 
development under increased oxidative or metabolic 
stress conditions [3, 4]. However, whether there are any 
additional functional targets of NRF2 that mediate its 

antioxidative function and confer resistance of cancer cells 
to environmental stress remains elusive. 

Ferroptosis is known as one type of regulated cell 
death specifically induced by lipid peroxides, which are 
generated in the free radical chain reaction between lipids 
and reactive hydrogens in the presence of ferrous iron. The 
findings that tumor suppressors such as p53 and BRCA1-
associated protein 1 (BAP1) engage ferroptosis in tumor 
suppression establish ferroptosis as a natural barrier to 
tumor development, highlighting the great potential of 
targeting ferroptosis for cancer therapy [5, 6]. However, 
metabolic reprogramming or genetic alterations (such 
as oncogenic mutations) frequently lead to ferroptosis 
evasion, mainly through regulating ferroptosis defence 
systems like SLC7A11/GPX4, FSP1/CoQ, GCH1/BH4 
and DHODH/CoQ [7]. Thus, a thorough understanding of 
the mechanistic regulation of ferroptosis would facilitate 
the exploration of therapeutic strategies for targeting 
ferroptosis in cancer. As a major antioxidative system 
within cells, NRF2 has been shown to prevent toxic 
accumulation of reactive oxygen species and suppress 
ferroptosis in response to oxidative stress through 
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transcriptional regulation of SLC7A11, GPX4 and GCLC 
[8–10]. However, whether there are additional targets of 
NRF2 that contribute to its anti-oxidant function during 
tumor development remains an open question in the field. 

Ferroptosis suppressor protein 1 (FSP1, previously 
known as AIFM2) has been identified as an novel 
GPX4-independent ferroptosis defence system since 
2019. Modification of FSP1 by myristoylation leads 
its localization to the plasma membrane where it 
serves as an oxidoreductase to reduce coenzyme Q10 
(CoQ), which functions as a natural lipophilic radical-
trapping antioxidant to neutralize lipid peroxides [11, 
12]. Moreover, FSP1 expression is highly correlated 
with ferroptosis-inducing agents (FINs, such as RSL3, 
ML162, ML210 and erastin) across a wide range of 
cancer cell lines, and potentially predicts ferroptosis 
sensitivity in lung cancer cells [12]. These findings 
highlight the potential of targeting FSP1 as a strategy to 
overcome ferroptosis resistance in cancer therapy. Thus, 
the mechanistic study of FSP1 expression absolutely 
raises more opportunities regarding FSP1-centered anti-
cancer treatments. In a recent study by Pranavi Koppula 
et al. from The University of Texas MD Anderson Cancer 

Center, FSP1 was demonstrated as a novel target of 
NRF2 and to play a vital role in KEAP1/NRF2-mediated 
ferroptosis regulation [13], which reveals the important 
role of genetic regulation of FSP1 in cancer development. 

After knockout of KEAP1 in lung cancer cells, 
the authors found upregulation of NRF2 and SLC7A11 
expectedly, but the GPX4 level even decreased in these 
lung cancer cell lines. Surprisingly, deleting NRF2 in 
KEAP1-deficient cells restored mRNA and protein levels 
of GPX4, indicating a negative regulation of GPX4 by 
NRF2 in these cell lines [13]. These findings argue against 
the previous report of GPX4 as a transcriptional target 
upregulated by NRF2 [14], leaving how exactly GPX4 is 
regulated by NRF2 unsolved. Of note, KEAP1-knockout 
cells were more resistant to class 1 FINs (such as erastin) 
and class 2 FINs (such as RSL3 and ML162) but not to 
FIN56 (a class 3 FIN that depletes both GPX4 and CoQ), 
suggesting a role of KEAP1/NRF2 in the regulation of 
ferroptosis through employing CoQ pathway. Indeed, 
the authors performed a Gene Ontology analysis on the 
overexpressed genes in KEAP1-mutant tumors compared 
with KEAP1-WT ones from the Cancer Genome Atlas 
(TCGA) LUAD dataset and found that FSP1 is the 

Figure 1: KEAP1-NRF2 axis and its molecular effectors in the regulation of ferroptosis. KEAP1 inactivation (like genomic 
mutation or conformational disruption under oxidative stress conditions) leads to the release of NRF2 translocation into the nucleus and 
enhances the transcription of target genes with ARE in their promoter regions. These NRF2 target genes could be divided into several 
groups based on their metabolic functions within cells, including cystine/GSH metabolism (SLC7A11, GCLC, GCLM, GSR, GPX4), CoQ 
metabolism (FSP1) and iron metabolism (FECH1, ABCB6, SLC48A1, HMOX-1, FPN1, FTH1 and FTL).
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most significantly upregulated one within the 12 genes 
involved in the CoQ metabolic process [13]. Further 
studies demonstrated that FSP1 expression level conferred 
ferroptosis resistance of KEAP1-mutant or -deficient lung 
cancer cells, since FSP1 inhibition by genetic knockout or 
pharmacological inhibitor re-sensitized KEAP1-deficient 
cells to ferroptosis, while FSP1 overexpression promoted 
ferroptosis resistance [13]. 

These findings suggest that FSP1 is a novel 
downstream effector of KEAP1/NRF2 in defending 
ferroptosis. Analyses of data from NRF2 chromatin 
immunoprecipitation coupled with high-throughput 
sequencing (ChIP-seq) indicated a strong association between 
NRF2 and FSP1 gene promoter in several cancer cell lines 
[13], guiding the authors to investigate whether FSP1 is a 
direct transcriptional target of NRF2. Next, two antioxidant 
response elements (AREs) which are well-established NRF2 
binding motif were found in FSP1 gene promoter regions. 
ChIP-qPCR assay was performed to verify the increased 
binding of NRF2 to the AREs of FSP1 upon KEAP1 
knockout. Besides, NRF2 activator treatment or KEAP1 
deficiency dramatically upregulated luciferase reporter 
activity of the FSP1 gene promoter, which was partially 
reduced by mutation of either ARE and nearly abolished by 
mutation of both AREs within the FSP1 promoter. Depletion 
of NRF2 erased the effects caused by KEAP1 deficiency, 
suggesting the indispensable role of NRF2 in the regulation 
of FSP1 expression and ferroptosis sensitivity [13]. 

As aforementioned above, KEAP1 mutation or 
deletion is frequently distributed in cancers. Thus, it’s 
necessary to determine the relevance of FSP1 to tumor 
development. Computational analyses of TCGA data 
revealed that FSP1 expression levels were significantly 
higher in multiple cancer types compared to their 
corresponding normal tissues. Experimentally, FSP1 
deletion markedly repressed tumor growth of KEAP1-
KO lung cancer cells in a xenograft model, suggesting 
that FSP1 is required for KEAP1-deficient lung tumor 
growth. Moreover, FSP1 suppressed the level of 4-HNE 
(a by-product during lipid peroxidation) in these tumors, 
suggesting FSP1-mediated ferroptosis resistance 
contributes to tumor growth of KEAP1-deficient cells [13]. 

KEAP1 mutant lung cancers are found 
radioresistant, which could be attributed to the 
ferroptosis resistance of these tumors [15]. Therefore, 
the authors examined the role of FSP1 in the regulation 
of radioresistance and found that NRF2-mediated FSP1 
upregulation decreased lipid peroxidation level and 
promoted cell survival upon ionizing radiation (IR). FSP1 
inhibition (using a FSP1 inhibitor iFSP1 or deleting FSP1 
expression) largely promoted radiosensitization and IR-
induced lipid peroxidation in KEAP1 deficient of mutant 
lung cancer cells [13], making FSP1 an ideal target for 
targeted treatment during radiotherapy. In addition, 
FSP1 is known to inhibit ferroptosis via regulating 
CoQ level, whether CoQ metabolism is involved in the 

radioresistance could be of great relevance. 4-CBA 
(which inhibits the key enzyme COQ2 involved in CoQ 
biosynthesis) treatment successfully restored radiotherapy-
induced lipid peroxidation and caused tumor suppression 
in KEAP1-mutant lung cancer cells [13], highlighting 
the translational application of 4-CBA treatment in 
radiotherapy to overcome radioresistance in KEAP1-
inactivated lung tumors.

Currently, there are four major ferroptosis-defending 
systems, while NRF2 could directly control two of 
them, SLC7A11/GSH/GPX4 axis and CoQ/FSP1 axis. 
Besides, NRF2 also has transcriptional targets involved 
in iron metabolism (through FTH1, FTL, HMOX1, etc.) 
and NADPH regeneration (through G6PD, PGD, IDH1, 
ME1, etc.), which regulates ferroptosis sensitivity through 
modulating the levels of ferrous iron and NADPH. These 
findings seem to nominate NRF2 as a master regulator 
of ferroptosis, since all of these targets of NRF2 might, 
partially or completely, participate in the regulation of 
ferroptosis by KEAP1/NRF2. However, the regulation 
of NRF2 targets could be highly context-dependent. 
For example, GPX4 could be either upregulated or 
downregulated by NRF2 in different cancer cell lines 
[13]. Therefore, exactly which target(s) plays a major role 
in NRF2-mediated regulation of ferroptosis and cellular 
redox homeostasis should be exploited case by case 
(Figure 1). Here, Pranavi Koppula and her colleagues’ 
study indicates that pharmacological targeting of CoQ-
FSP1 signaling to overcome KEAP1 deficiency-induced 
radioresistance could be a potentially effective therapeutic 
strategy in treating KEAP1 mutant lung cancers.

Author contributions

Y. Z. conceived the article and the figure. N.M and 
H. L. wrote the manuscript, and N. M. drafted the figure 
with the help of J. C. under Y. Z.’s guidance.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of 
interest.

FUNDING

This work was supported from the National Natural 
Science Foundation of China (82103272 to Y Zhang), 
Xi’an Jiaotong University (xtr042021011 to Y Zhang), 
Department of Science and Technology of Shaanxi 
Province (2022KW-48 to J Chen). 

REFERENCES

1. Cancer Genome Atlas Research Network. Comprehensive 
molecular profiling of lung adenocarcinoma. Nature. 



Oncotarget1139www.oncotarget.com

2014; 511:543–50. https://doi.org/10.1038/nature13385. 
[PubMed]

2. Jeong Y, Hoang NT, Lovejoy A, Stehr H, Newman AM, 
Gentles AJ, Kong W, Truong D, Martin S, Chaudhuri A, 
Heiser D, Zhou L, Say C, et al. Role of KEAP1/NRF2 
and TP53 Mutations in Lung Squamous Cell Carcinoma 
Development and Radiation Resistance. Cancer Discov. 
2017; 7:86–101. https://doi.org/10.1158/2159-8290.CD-
16-0127. [PubMed]

3. Dodson M, Castro-Portuguez R, Zhang DD. NRF2 plays a 
critical role in mitigating lipid peroxidation and ferroptosis. 
Redox Biol. 2019; 23:101107. https://doi.org/10.1016/j.
redox.2019.101107. [PubMed]

4. Koppula P, Zhang Y, Shi J, Li W, Gan B. The glutamate/
cystine antiporter SLC7A11/xCT enhances cancer cell 
dependency on glucose by exporting glutamate. J Biol 
Chem. 2017; 292:14240–49. https://doi.org/10.1074/jbc.
M117.798405. [PubMed]

5. Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, Baer 
R, Gu W. Ferroptosis as a p53-mediated activity during 
tumour suppression. Nature. 2015; 520:57–62. https://doi.
org/10.1038/nature14344. [PubMed]

6. Zhang Y, Shi J, Liu X, Feng L, Gong Z, Koppula P, Sirohi 
K, Li X, Wei Y, Lee H, Zhuang L, Chen G, Xiao ZD, et al. 
BAP1 links metabolic regulation of ferroptosis to tumour 
suppression. Nat Cell Biol. 2018; 20:1181–92. https://doi.
org/10.1038/s41556-018-0178-0. [PubMed]

7. Gao M, Fan K, Chen Y, Zhang G, Chen J, Zhang Y. 
Understanding the mechanistic regulation of ferroptosis in 
cancer: the gene matters. J Genet Genomics. 2022. [Epub 
ahead of print]. https://doi.org/10.1016/j.jgg.2022.06.002. 
[PubMed]

8. Chen D, Tavana O, Chu B, Erber L, Chen Y, Baer R, Gu W. 
NRF2 Is a Major Target of ARF in p53-Independent Tumor 
Suppression. Mol Cell. 2017; 68:224–32.e4. https://doi.
org/10.1016/j.molcel.2017.09.009. [PubMed]

9. Wang Y, Yan S, Liu X, Deng F, Wang P, Yang L, Hu L, 
Huang K, He J. PRMT4 promotes ferroptosis to aggravate 
doxorubicin-induced cardiomyopathy via inhibition of the 

Nrf2/GPX4 pathway. Cell Death Differ. 2022; 29:1982–95. 
https://doi.org/10.1038/s41418-022-00990-5. [PubMed]

10. Kang YP, Mockabee-Macias A, Jiang C, Falzone A, 
Prieto-Farigua N, Stone E, Harris IS, DeNicola GM. Non-
canonical Glutamate-Cysteine Ligase Activity Protects 
against Ferroptosis. Cell Metab. 2021; 33:174–89.e7. 
https://doi.org/10.1016/j.cmet.2020.12.007. [PubMed]

11. Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, 
Ingold I, Goya Grocin A, Xavier da Silva TN, Panzilius E, 
Scheel CH, Mourão A, Buday K, Sato M, et al. FSP1 is 
a glutathione-independent ferroptosis suppressor. Nature. 
2019; 575:693–98. https://doi.org/10.1038/s41586-019-
1707-0. [PubMed]

12. Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, 
Tang PH, Roberts MA, Tong B, Maimone TJ, Zoncu 
R, Bassik MC, Nomura DK, Dixon SJ, Olzmann JA. 
The CoQ oxidoreductase FSP1 acts parallel to GPX4 to 
inhibit ferroptosis. Nature. 2019; 575:688–92. https://doi.
org/10.1038/s41586-019-1705-2. [PubMed]

13. Koppula P, Lei G, Zhang Y, Yan Y, Mao C, Kondiparthi L, 
Shi J, Liu X, Horbath A, Das M, Li W, Poyurovsky MV, 
Olszewski K, Gan B. A targetable CoQ-FSP1 axis drives 
ferroptosis- and radiation-resistance in KEAP1 inactive 
lung cancers. Nat Commun. 2022; 13:2206. https://doi.
org/10.1038/s41467-022-29905-1. [PubMed]

14. Salazar M, Rojo AI, Velasco D, de Sagarra RM, Cuadrado 
A. Glycogen synthase kinase-3beta inhibits the xenobiotic 
and antioxidant cell response by direct phosphorylation and 
nuclear exclusion of the transcription factor Nrf2. J Biol 
Chem. 2006; 281:14841–51. https://doi.org/10.1074/jbc.
M513737200. [PubMed]

15. Lei G, Zhang Y, Koppula P, Liu X, Zhang J, Lin SH, 
Ajani JA, Xiao Q, Liao Z, Wang H, Gan B. The role of 
ferroptosis in ionizing radiation-induced cell death and 
tumor suppression. Cell Res. 2020; 30:146–62. https://doi.
org/10.1038/s41422-019-0263-3. [PubMed]

https://doi.org/10.1038/nature13385
https://pubmed.ncbi.nlm.nih.gov/25079552
https://doi.org/10.1158/2159-8290.CD-16-0127
https://doi.org/10.1158/2159-8290.CD-16-0127
https://pubmed.ncbi.nlm.nih.gov/27663899
https://doi.org/10.1016/j.redox.2019.101107
https://doi.org/10.1016/j.redox.2019.101107
https://pubmed.ncbi.nlm.nih.gov/30692038
https://doi.org/10.1074/jbc.M117.798405
https://doi.org/10.1074/jbc.M117.798405
https://pubmed.ncbi.nlm.nih.gov/28630042
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nature14344
https://pubmed.ncbi.nlm.nih.gov/25799988
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1038/s41556-018-0178-0
https://pubmed.ncbi.nlm.nih.gov/30202049
https://doi.org/10.1016/j.jgg.2022.06.002
https://pubmed.ncbi.nlm.nih.gov/35697272
https://doi.org/10.1016/j.molcel.2017.09.009
https://doi.org/10.1016/j.molcel.2017.09.009
https://pubmed.ncbi.nlm.nih.gov/28985506
https://doi.org/10.1038/s41418-022-00990-5
https://pubmed.ncbi.nlm.nih.gov/35383293
https://doi.org/10.1016/j.cmet.2020.12.007
https://pubmed.ncbi.nlm.nih.gov/33357455
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-019-1707-0
https://pubmed.ncbi.nlm.nih.gov/31634899
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-019-1705-2
https://pubmed.ncbi.nlm.nih.gov/31634900
https://doi.org/10.1038/s41467-022-29905-1
https://doi.org/10.1038/s41467-022-29905-1
https://pubmed.ncbi.nlm.nih.gov/35459868
https://doi.org/10.1074/jbc.M513737200
https://doi.org/10.1074/jbc.M513737200
https://pubmed.ncbi.nlm.nih.gov/16551619
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1038/s41422-019-0263-3
https://pubmed.ncbi.nlm.nih.gov/31949285

