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Supplementary Figure 1: Isoforms of GPX4, SLC7A11, FSP1 and ACSL4 

 

a. GPX4 in humans (Hs) and mice (Ms) consists of 8 exons and encodes for 3 isoforms. To decode the 
UGA codon for selenocysteine (Sec), the GPX4 mRNA contains a selenocysteine insertion sequence 
(SECIS) element in the 3'-untranslated region (UTR, red). The short form, found in the cytosol, nucleus, 
nuclear membrane, plasma membrane and mitochondrial intermembrane space of somatic cells, protects 
against ferroptosis. The mitochondrial matrix form has an N-terminal mitochondrial targeting sequence 
(MTS, yellow) and is present in the mitochondrial matrix. The nuclear form, with an N-terminus encoded 
by an alternative exon (green), is the longest isoform. The mitochondrial matrix and nuclear forms are 
mainly expressed in the testis and play distinct roles in spermatogenesis. 

b. Hs and Ms SLC7A11/Slc7a11 is made up of 12 exons with long 3’-UTR. Although the predicted size of 
xCT is 55 kDa, the band of xCT is detected at approximately 35-40 kDa in Western blotting. 

c. Hs AIFM2 is made up of 9 exons. In Ms Aifm2, two isoforms are reported, in which one is encoded by 
9 exons, and the other by 10 exons. 

d. ACSL4 has 2 different isoforms each made up of 16 exons. 

 

 

 

 



Supplementary Figure 2: Functional assays of GPX4, FSP1, system xc
- and ACSL4 

 

a. GPX4 activity can be determined by measuring the reduction of GSH-dependent lipid peroxides by 
mass-spectrometry, or indirectly monitored by measuring NADPH consumption, achieved by glutathione 
reductase (GR) coupled to the reduction of GSH upon reduction of substrate hydroperoxides by GPX4. As 
the substrates, purified phospholipid hydroperoxide (e.g., phosphatidylcholine hydroperoxide (PCOOH)) 
is recommended1. To evaluate the reactivity of a covalent GPX4 inhibitor towards GPX4, mass 
spectrometry analysis or immunoblotting analysis can be used. After treatment with the inhibitors, the band 
of GPX4 should shift slightly upward in immuno-blotting. In a-d, hypothetical graphs are shown as 
examples of the results.   

b. To measure FSP1 enzymatic activity, NAD(P)H consumption or fluorescent substrates can be used with 
recombinant FSP1 protein2,3. FSP1 reduces resazurin or quinones using NAD(P)H; thus, FSP1 activity 
corresponds to the generation of the reduced form of resazurin or consumption of NAD(P)H. 

c. To measure system xc
- activity, an uptake assay using radioisotope-labeled 14C cystine or selenocystine4 

as a substrate can be used. 

d. To evaluate the effect of ACSL4, lipidomic analysis is used to measure the lipid composition, especially 
PUFAs/MUFAs ratio. AA, arachidonic acid; AdA, adrenic acid. 



Supplementary Table 1: Available antibodies against GPX4, FSP1, xCT and ACSL4 

 

Target 
Host 

Species 
Reactivity 
Species 

Application 
Working 

concentration 

Validation 
by KO 

and OE 
cells 

Identifier (Clone#) Refs 

G
P

X
4
 Rabbit, 

monoclonal 
Hs, Ms WB, IHC 

1:1000 (WB), 
1:100 (IHC) 

KO & OE 
Abcam, 

#ab125066 
3 

Mouse, 
monoclonal 

Hs, Ms WB 1:1000 (WB) OE 
Proteintech, 
#67763-1-Ig 

5 

F
S

P
1
 

Mouse, 
monoclonal 

Hs WB 1:1000 (WB) KO & OE 
SantaCruz,  
#sc-377120 

3,6,7 

Rat, 
monoclonal 

Hs WB 1:1000 (WB) KO & OE 
Sigma Aldrich, 
#MABC1638 

(6D8) 

6,8 

Rat, 
Monoclonal 

Hs, Ms WB 1:100 (WB) KO 

Clone 1A1 
(homemade) 

under 
commercialization 

3,6 

Rat, 
Monoclonal 

Hs, Ms 
WB, ICC, 

IHC 

1:1-5 (WB), 
1:1 (ICC and 

IHC) 
KO 

Clone 14D7 
(homemade) 

under 
commercialization 

3,6 

Rabbit, 
Polyclonal 

Ms WB 
Not 

described in 
the reference 

OE 
LS Bio,  

#LS-C382008 
9 

x
C

T
 Rat, 

Monoclonal 
Hs 

WB, ICC 
(1*) 

1:1000 (WB) KO & OE 
Abcam, 

#ab300667 
(3A12) 

8 

Rabbit, 
Polyclonal 

Ms 
WB, IHC 

(1*) 
1:1000 (WB) 
1:100 (IHC) 

KO & OE 
Cell Signaling, 

#98051 
10 

A
C

S
L
4
 

Mouse, 
monoclonal 

Hs, Ms 
WB only 

(*2) 
1:200-1000 

(WB) 
KO & OE 

SantaCruz #sc-
271800 

11,12 

Rabbit, 
Polyclonal 

Hs WB 1:2500 (WB) KO 
Sigma-Aldrich, 
#SAB2701949 

13 

Rabbit, 
Polyclonal 

Hs 
WB only 

(*3) 
1:1000 (WB) KO & OE 

GeneTex, 
#GTX100260 

14,15 

Rabbit, 
Polyclonal 

Hs, Ms 
WB, ICC, 

IHC 

1:1000 (WB, 
ICC) 

1:500 (IHC) 
KO & OE 

Invitrogen, 
#PA5-27137 

16,17 

Rabbit, 
monoclonal 

Hs, Ms WB 
1:2000-5000 

(WB) 
KO 

Abcam, 
#ab155282 

12,18 

 

*1: To detect xCT in WB, heat lysate samples in a sample buffer for 3 min at 50 ˚C (Do not boil). The 

detected band size of xCT should be around 35- 40 kDa. 

*2: Lysates from cultured cells only; not recommended for tissues. 

*3: Recognizes both ACSL3 and ACSL4. 

KO, knockout; OE, overexpression; WB, Western blotting; IHC, immunohistochemistry; ICC, 

immunocytochemistry 

 
 
 
 



Supplementary Table 2: Validated single guide RNA sequences against GPX4, AIFM2, 

SLC7A11 and ACSL4 for the generation of knockout cells by the CRISPR-Cas9 system 

 

Target gene Species 
Targeted 

exon 
Single guide RNA Sequence Refs 

GPX4 Human 3 CGTGTGCATCGTCACCAACG 8 

GPX4 Human 3 CACGCCCGATACGCTGAGTG 8,19 

GPX4 Human 1 AGCCCCGCCGCGATGAGCCT 7 

GPX4 Human 2 CTTGGCGGAAAACTCGTGCA 19 

Gpx4 Mouse 3 CGTGTGCATCGTCACCAACG 3 

Gpx4 Mouse 3 CATGCCCGATATGCTGAGTG 3 

AIFM2 Human 2 TCCCGATTCCACCGAGACCT 6,7 

AIFM2 Human 7 GGTGCAGAGAATCACCAGGT 6 

Aifm2 Mouse 2 GCCCACGATCACCACGTGCA 3 

Aifm2 Mouse 2 GCCGTGCACGTGGTGATCGT 3 

SLC7A11 Human 2 AAGTATTACGCGGTTGCCAC 20 

SLC7A11 Human 1 GTGTTCTGGAGCACGCCCTT 20 

Slc7a11 Mouse 1 ATCGGCACCGTCATCGGATC 21 

Slc7a11 Mouse 1 ATCATCATCGGCACCGTCAT 21 

ACSL4 Human 4 TGCAATCATCCATTCGGCCC 7,13 

ACSL4 Human 4 TGGTAGTGGACTCACTGCAC 7 

Acsl4 Mouse 3 ACAGAGCGATATGGACTTCC 11 

 

 

 

  



Supplementary table 3:  Reported mouse strains genetically engineered for Gpx4, Aifm2, 

Slc7a11 or Acsl4 

Allele 
symbol 

Category Description Phenotype References 

Gpx4tm1Prol KO of all Gpx4 
isoforms; targeted 
(null/knockout)  

Deletion of exons 3–7 of Gpx4. Embryonic lethality, displaying 
abnormalities before E7.5. 

Yant et al 
200322 

Gpx4tm1Yana KO of all Gpx4 
isoforms; targeted 
(null/knockout) 

Full deletion of all exons of Gpx4. Early embryonic lethality. Imai H et al 
200323 

Gpx4tm1Ssd KO of all Gpx4 
isoforms; Targeted 
(null/knockout) 

Part of exon 1 through part of exon 2 
was replaced with a lacZ reporter 
gene and a neo cassette. 

Early embryonic lethality. Garry MR et 
al 200824 

Gpx4tm1Marc KO of nuclear form of 
Gpx4; targeted 
(null/knockout) 

Deletion of the nuclear isoform of 
Gpx4 by insertion of an EGFP-stop 
cassette into the alternative exon 
(1b). 

Fertile and viable; abnormal sperm 
chromatin condensation when 
isolated from the caput epididymis. 

Conrad et al 
200525 

Gpx4tm3Marc KO of mitochondrial 
form of Gpx4; 
targeted (modified 
isoform(s)) 

Insertion of an in-frame translational 
STOP codon into exon (1a), 25 bp 
downstream of the mitochondrial 
Gpx4 start codon. 

Male infertility; severe structural 
sperm abnormalities reminiscent to 
rodents kept under prolonged 
selenium deficiency. 

Schneider et 
al 200926 

Gpx4tm5Marc Gpx4 U46S mutation 
in all Gpx4 isoforms; 
targeted  

Selenocysteine (U46) is replaced 
with a catalytically inactive serine (S) 
residue. 

Embryonic lethality at E7.5–E8.5; 
male subfertility of heterozygous 
males of catalytically inactive GPX4, 
with a dominant-negative role in 
male fertility. 

Ingold et al 
201527 

Gpx4tm4Marc  Gpx4 U46C mutation 
in all Gpx4 isoforms; 
targeted 

Selenocysteine (U46) is replaced 
with a catalytically inactive Cysteine 
(C) residue. 

On a mixed C57BL/6J x 129S6SvEv 
background, homozygous animals 
are born normally but lose body 
weight at P14-16 and need to be 
sacrificed due to severe epileptic 
seizures; reactive astrogliosis and 
microglia activation at parvalbumin-
positive GABAergic interneurons. On 
a C57BL/6J background, 
homozygous animals die during 
embryogenesis E11.5 - E12.5. 

Ingold et al 
201828 

Gpx4tm2Marc 

(Gpx4fl/fl) 
Gpx4 flox; targeted 
conditional-ready null 
allele (CKO) 

Exons 5–7 including the Sec-
insertion sequence element and the 
polyadenylation signal were flanked 
by loxP sites. 

Early embryonic lethality by 
homozygous GPx4 deleted alleles. 

Seiler et al 
200829 

Gpx4tm1.1Qra 

(Gpx4fl/fl) 
Gpx4 flox; targeted 
conditional-ready null 
allele (CKO) 

A loxP site and FRT flanked neo 
cassette were inserted upstream of 
exon 2, and a loxP site was inserted 
downstream of exon 4 via 
homologous recombination. 

Tamoxifen-treated Gpx4 f/f; cre mice 
lose body weight and die within 2 
weeks. 

Yoo SE et 
al. 201230 

Rosa26-
CreERT2; 
Gpx4 fl/fl 

Conditional knockout 
of Gpx4 

Exons 5–7 of Gpx4 are deleted in 
the whole body (except brain) of 
mice (depending on R26-CreERT2 
expression) after tamoxifen injection. 

Mice develop acute kidney failure 
between 9-13 days after tamoxifen 
injection. 

Friedmann 
Angeli et al 
201431 

CamKIIα-
Cre; 
Gpx4fl/fl 

Conditional knockout 
of Gpx4 

Exons 5–7 of Gpx4 are deleted in 
CamKII-expressing neurons 
(forebrain). 

Ataxia and severe epileptic seizures 
shortly after birth; 
neurodegeneration in hippocampus 
and cortex of newborn mice. 

Seiler et al 
200829 

Alb-Cre;  
Gpx4fl/fl 

Conditional knockout 
of Gpx4 

Exons 5–7 of Gpx4 are deleted in 
hepatocytes. 

Hepatocyte-specific Gpx4−/− mice die 
shortly after birth and present 
extensive hepatocyte degeneration; 
Gpx4−/− pups born from mothers fed 
a vitamin E-enriched diet survive 

Carlson et al 
201632 

Alb-
CreERT2; 
Gpx4fl/fl 

Conditional knockout 
of Gpx4 

Exons 5–7 of Gpx4 are deleted in 
hepatocytes after tamoxifen 
injection. 

Acute liver failure leading to the 
early lethality when vitamin E is 
deprived from the chow. 

Mishima et 
al 20223 

Cdh5(PAC)-
CreERT2; 
Gpx4fl/fl 

Conditional knockout 
of Gpx4 

Exons 5–7 of Gpx4 are deleted in 
vascular endothelial cells after 
tamoxifen injection. 

Feeding a vitamin E-depleted diet 
results in paralysis and death of 
mice due to endothelial cell death 
and multiple infarctions. 

Wortmann et 
al 201333 



Slc6a3-
CreERT2; 
Gpx4fl/fl 

Conditional knockout 
of Gpx4 

Exons 5–7 of Gpx4 are deleted in 
dopaminergic neurons after 
tamoxifen injection. 

Increased anxiety compared to 
control animals; the phenotype is 
further aggravated when combined 
with Dj-1 KO. 

Schriever et 
al 201734 

CamKIIα-
CreERT2; 
Gpx4fl/fl 
(BIKO) 

Conditional knockout 
of Gpx4 

Exons 5–7 of Gpx4 are deleted in 
the CamKII expressing neurons 
(forebrain) after tamoxifen injection. 

Neurodegeneration in the 
hippocampus and cortex; spatial 
learning, memory and cognitive 
impairment. 

Hambright et 
al 201735 

Tg(Thy1-
cre/ERT2,-
EYFP)HGfn
g/PyngJ; 
Gpx4fl/fl 

Conditional knockout 
of Gpx4 with 
simultaneous EYFP 
expression 

Exons 2–4 of Gpx4 are deleted in 
the majority of projection neuron 
populations in the central and 
peripheral nervous system after 
tamoxifen injection. The same 
neuronal population expresses 
enhanced yellow fluorescent protein 
to allow cell tracking. 

Rapid motor neuron degeneration 
and paralysis. 

Chen et al 
201536 

Pax8rtTA-
tetO-Cre; 
Gpx4fl/fl 

Doxycycline inducible 
knockout of Gpx4 in 
renal tubular epithelial 
cells 

Doxycycline feeding induces Cre-
mediated deletion of exons 2–4 of 
Gpx4 in renal tubular epithelial cells. 

Tubular injury and reduced kidney 
function; the observed phenotypes in 
males are more severe than in 
females. 

Ide et al 
202237 

CD4-Cre; 
Gpx4fl/fl 

Targeted 
(null/knockout); all 
Gpx4 isoforms 

Exons 5–7 of Gpx4 are deleted 
during T cell development in 
lymphoid tissues. 

Loss of Gpx4 results in an intrinsic T 
cell developmental defect in the 
periphery, which leads to a failure to 
expand and protect against acute 
viral and parasitic infections; dietary 
vitamin E supplementation can 
restore viability. 

Matsushita 
et al 201538 

Tg(loxP-
mGpx4KO); 
Gpx4−/− 

Targeted 
(null/knockout); 
mitochondrial Gpx4 

Exons 3–7 of Gpx4 are deleted; 
endogenous Gpx4 expression of all 
isoforms is replaced by a Gpx4 
transgene carrying loxP sites before 
exon 2 and after exon 7 and missing 
the mitochondrial start codon. 
Expression of the Gpx4 transgene is 
driven by 5' and 3' UTR regions of 
the endogenous Gpx4 locus. 

Cone–rod dystrophy-like phenotype 
in which loss of cone photoreceptors 
precedes loss of the rod 
photoreceptors. 

Azuma et al 
202239 

Crx-
Cre;Tg(loxP-
Gpx4);Gpx4
−/− 

Targeted 
(null/knockout); all 
Gpx4 isoforms 

The cone-rod homeobox (Crx) 
specific promoter drives the 
expression of a Cre recombinase, 
which deletes exons 3-7 of Gpx4. 

Rapid and massive retinal 
degeneration. 

Ueta et al 
201240 

Pgk2-
Cre;Tg(loxP-
Gpx4);Gpx4
−/− 

Targeted 
(null/knockout); all 
Gpx4 isoforms x 
targeted conditional- 
ready null allele (CKO) 

The pgk-2 specific promoter drives 
the expression of a Cre recombinase 
which deletes exons 3–7 of Gpx4. 

Spermatocyte-specific Gpx4 KO; 
impaired fertility and abnormal 
epididymal spermatozoa. 

Imai et al 
200941 

Adipoq-Cre; 
Gpx4fl/fl 

Targeted 
(null/knockout) in 
adipocytes 

Exons 2–4 of Gpx4 are deleted 
during adipocyte differentiation; 
Adipose-tissue specific Gpx4 KO. 

Spontaneous metabolic 
dysregulation such as disturbed 
glucose metabolism, impaired 
glucose tolerance and increased 
insulin resistance and systemic low-
grade inflammation. 

Schwärzler 
et al 202242 

Fabp4-Cre; 
Gpx4fl/wt 

Targeted 
(null/knockout) in 
brown and white 
adipose tissue 

Heterozygous deletion of exons 2–4 
of Gpx4 in brown and white adipose 
tissue driven by Fabp4-Cre. 

Spontaneous metabolic 
dysregulation such as disturbed 
glucose metabolism, impaired 
glucose tolerance and increased 
insulin resistance and systemic low-
grade inflammation. 

Schwärzler 
et al 202242 

POMC-Cre; 
Gpx4fl/fl 

Targeted 
(null/knockout) in 
POMC expressing 
neurons 

Exons 5–7 of Gpx4 are deleted in 
hypothalamic proopiomelanocortin 
(POMC) expressing neurons 
residing in the arcuate nucleus in the 
hypothalamus. 

Gpx4 is dispensable for the 
maintenance of cellular health and 
function of POMC neurons, even in 
mice exposed to obesogenic 
conditions. 

Schriever et 
al 201734 

AgRP-Cre; 
Gpx4fl/fl 

Targeted 
(null/knockout) in 
AgRP expressing 
neurons 

Exons 5–7 of Gpx4 are deleted in 
agouti-related protein (AgRP) 
expressing neurons residing in the 
arcuate nucleus in the 
hypothalamus. 

Mice fed a high-fat high-sucrose diet 
display increased body adiposity 
compared to controls. 

Schriever et 
al 201734 



Foxp3YFP-
Cre;  
Gpx4fl/fl 

Targeted 
(null/knockout) in 
Foxp3 expressing T 
regulatory (Treg) cells 

Exons 2–4 of Gpx4 are deleted in 
Foxp3 expressing Treg cells. 

Gpx4 KO mice reduce tumor growth 
via activating anti-tumor immunity. 

Xu et al 
202143 

Tg(GPX4) Transgenic insertion of 
human GPX4 
including flanking 
regions. 

DNA containing an intact human 
GPX4 gene (∼3 kb) plus ∼30 and 20 
kb of 5′- and 3′-flanking sequences 
was injected into fertilized oocytes 
derived from B6D2F1 mice to 
generate the transgenic mouse line. 

Liver damage and lipid peroxidation 
induced by diquat are reduced 
significantly in Tg(GPX4) mice; when 
crossed with a model of amyotrophic 
lateral sclerosis (ALS) lifespan is 
slightly increased. GPX4 tg can 
rescue the Gpx4 null background; 
additionally, the SOD1(G93) mutant 
is mildly rescued by GPX4tg. 

Q Ran et al 
200444; 
Chen et al 
202145 

Aifm2−/− Targeted 
(null/knockout); Aifm2 

Part of exon 2 is replaced by a neo 
cassette. 

Aifm2−/− mice are fully viable and 
fertile. 

Mei et al 
200646 

Aifm2−/− Targeted 
(null/knockout); Aifm2 

Exons 5 and 6 of Aifm2 are replaced 
by a lacZ-neo cassette. 

No antidotal effect of vitamin K 
against warfarin overdose; increased 
damage during kidney ischemia 
reperfusion injury. 

Mishima et 
al 20223; 
Tonnus et al 
202147 

Aifm2−/− Targeted 
(null/knockout); Aifm2 

Global Aifm2−/− mice using the 
CRISPR/Cas9 system. 

Aifm2−/− mice have higher body 
weights; Aifm2−/− mice cannot 
maintain body temperatures upon 
cold; Aifm2−/− mice decreases 
thermogenesis and energy 
expenditure, resulting in higher 
adiposity. 

Nguyen et al 
202048 

UCP1-
Cre;Tg(β-
Actin-fl-stop-
fl-Aifm2) 

Conditional transgenic 
in brown and white 
adipose tissue 

Aifm2 flox mice were generated 
using CRISPR/Cas9 system and 
cross bread with UCP1-Cre mice to 
direct Cre expression in 
interscapular brown fat at room 
temperature, and in inguinal and 
epididymal white adipose tissue after 
cold exposure. 

Lower body weight with smaller 
white adipose tissue mass without 
any differences in lean mass 
compared to WT mice; enhanced 
thermogenesis, resulting in 
decreased adiposity of transgenic 
mice. 

Nguyen et al 
202048 

Slc7A11−/− Targeted 
(null/knockout); 
Slc7a11 

A part of exon 1 was replaced by a 
GFP-Neo cassette. 

Healthy in appearance and fertile. 
Slc7a11–/– mice contain higher 
concentrations of cystine and lower 
concentrations of glutathione in 
plasma. Slc7a11–/– mice show more 
severe lung damage induced by 
paraquat. 

Sato et al 
200549 
Kobayashi 
et al 201250 

Slc7A11−/− Targeted 
(null/knockout); 
Slc7a11 

The CRISPR/Cas9 system was used 
to generate KO mice. 

Tumor growth of MC38 cells in 
Slc7a11 KO mice has no impact on 
tumor development. 

Arensman et 
al 201921 

Slc7a11−/− Targeted 
(null/knockout); 
Slc7a11 

The CRISPR/Cas9 system was used 
to generate KO mice by oocyte 
injection. 

Melanoma development in Slc7a11 
KO mice was significantly slower 
than in Slc7a11 control mice. 

Chen et al 
202345 

Slc7a11tm1a 

(Slc7A11fl/fl) 
Targeted allele 
knockout 

EUCOMM targeting vector was 
electroporated in ES cells and 
selected clones used in blastocysts 
injections. 

Disruption of Slc7a11 affect the 
intercellular communication in the 
suprachiasmatic nucleus. 

Zhang et.al 
202251 

Ella-
Cre;Slc7A11
fl/fl 

Targeted 
(null/knockout); 
Slc7a11 

Exon 2 of Slc7a11 is deleted in the 
early mouse embryo. 

KO of Slc7a11 aggravated Ang II-
mediated mouse cardiac fibrosis, 
hypertrophy, and dysfunction. 

Zhang et.al 
202252 

Acsl4-/+ Targeted 
(null/knockout); Acsl4 

A part of exon 2 is replaced by a neo 
cassette. 

Female mice heterozygous for Acsl4 
deficiency become pregnant less 
frequently and produce small litters. 

Cho et al. 
200153 

Acsl4tm1a 

(Acsl4fl/fl) 
Targeted 
(null/knockout); Acsl4 

EUCOMM targeting vector was 
electroporated into ES cells and 
selected clones used in blastocysts 
injections. 

Acsl4 KO mice attenuate paraquat 
and methotrexate-induced lung 
injury. 

Tomitsuka et 
al 202354 

Adipoq-Cre; 
Acsl4fl/fl 

Targeted 
(null/knockout); Acsl4 

Targeting vectors for exons 3–4 on 
the X chromosome was 
electroporated into ES cells to make 
loxP sites. 

Adipocyte-specific Acsl4 KO shows 
resistance to diet-induced obesity. 

Killion et al; 
201855 

 

 

  



Supplementary video: Live imaging of cells undergoing ferroptosis. 

Pfa1 cells with inducible Gpx4 deletion following treatment with 4-hydroxytamoxifen. The video was 

captured using Nanolive 3-D Cell Explorer 42-56 hours after the addition of 4-hydroxytamoxifen (1 

μM). E. Mishima produced the video. 
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