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Ferroptosisis aniron-dependent form of regulated cell death driven by

phospholipid peroxidation, and it has emerged as a potential therapeutic
vulnerability of cancer. Here we identify the secretory phospholipase
PLA2G2F (phospholipase A, group IIF) as a ferroptosis suppressorin
bladder cancer and elucidate its regulation and mechanism of action.
PLA2G2F functions through anintracellular mechanism by localizing

to the endoplasmic reticulum to inhibit ferroptosis. Our genetic and
pharmacological analyses reveal that peroxisome proliferator-activated
receptory (PPARG), anuclear hormone receptor and transcription

factor previously implicated in ferroptosis regulation, upregulates
PLA2G2F and that PPARG-mediated ferroptosis resistance is largely
dependent on PLA2G2F in bladder cancer. Further, lipidomic profiling
suggests that PLA2G2F preferentially acts on ether-linked phospholipids
containing polyunsaturated fatty acids, thereby reducing the pool of
peroxidation-prone polyunsaturated fatty acid-containing phospholipids.
Together, our findings establish PLA2G2F as an endoplasmic
reticulum-resident ferroptosis suppressor regulated by PPARG and show
that inhibiting PPARG signaling or PLA2G2F activity can sensitize bladder
cancer cells to ferroptosis induction.

Ferroptosis is a type of regulated cell death triggered by imbalances
iniron, lipid metabolism and redox homeostasis'”. It is involved in
diverse pathological conditions, including cancer, degenerative dis-
eases and ischemia/reperfusion. Given that ferroptosis arises from
the accumulation of phospholipid peroxides—a product of metabolic
activity—ferroptosis has been extensively investigated in metabolically
active cancer cells. In the cell, three chemically distinctive mechanisms
can prevent ferroptosis: one is mediated by glutathione peroxidase 4
(GPX4), which oxidizes glutathione fromits reduced form (GSH) into
its oxidized form (GSSG) while reducing phospholipid peroxides®;

the second mechanism involves enzymes such as FSP1, DHODH and
GCH1 that generate metabolites with radical-trapping antioxidant
activity, which terminate phospholipid peroxidation and thus inhibit
ferroptosis®; lastly, ferroptosis can also be kept in check by limiting
the availability of the substrates for phospholipid peroxidation, that
is, polyunsaturated fatty acid (PUFA)-containing phospholipids>®.
Cellular phospholipids can be classified based on the degree of
acyl-chain saturation, ranging from saturated and monounsaturated
to polyunsaturated. Monounsaturated fatty acid (MUFA)-containing
phospholipids have been shown to protect against ferroptosis’, while
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PUFA-containing phospholipids enhance ferroptosis susceptibility.
Assuch, multiple enzymes regulate ferroptosis by altering the cellular
phospholipid profile. For instance, acyl-CoA synthetase long-chain
family member 3 (ACSL3) is known to activate MUFAs for incorpora-
tioninto phospholipids and thereby suppresses ferroptosis’, whereas
acyl-CoA synthetase long-chain family member 4 (ACSL4) favors
PUFA incorporation and promotes ferroptosis initiation®. Members
of the membrane-bound O-acyl transferase (MBOAT) family, which
remodel phospholipids, also participate in the modulation of fer-
roptosis sensitivity depending on their preference for activating dif-
ferent acyl chains for phospholipid synthesis’. Ether lipids have been
shown to promote ferroptosis susceptibility’’, and more recently,
di-PUFA-phosphatidylcholines (PCs) have been demonstrated to have
akeyroleindriving ferroptosis™?, highlighting the importance of lipid
acyl-chain composition in this specific form of cell death.

PLA2G2F (encoding phospholipase A, group IIF) was identified
as a potential antiferroptosis gene in agenome-wide CRISPRa screen
we conducted previously®. PLA2G2F belongs to group Il of the PLA2
enzymes, categorized as the secretory PLA2 (sPLA2), as it character-
istically contains an N-terminal signal peptide™. Following protein
synthesis, the signal peptide of SPLA2 proteins is typically cleaved,
targetingthe proteininto the secretory pathway, fromwhichit cansub-
sequently localize to specific cellular organelles,embed in membranes
orbesecreted extracellularly®. Although PLA2G2F is categorized as a
secretory protein, the precise subcellular localization of PLA2G2F has
not been defined experimentally.

PLA2G2F is highly expressed in skin and bladder tissues and is
notably upregulated in bladder cancers (see later in the Results sec-
tion). Its disease relevance and physiological roles have been more
extensively studied in the skin, where Pla2g2f-knockout mice exhib-
ited fragile stratum corneum, perturbed acidification and abnor-
mal keratinocyte differentiation and gene expression'*”. However,
the relevance of PLA2G2F in bladder cancer remains unexplored.
Recently, several PLA2 family members have been implicated in
ferroptosis regulation through their effects on labile lipid pools.
For example, iPLA2f (PLA2G6), a Ca**-independent PLA2, hydro-
lyzes 15-HpETE-phosphatidylethanolamine (PE) and was shown
to suppress p53-driven ferroptosis following reactive oxygen spe-
cies (ROS)-induced stress'®". Additionally, cytosolic PLA2 (cPLA2;
PLA2G4A) suppresses ferroptosis by regulating arachidonic acid
metabolism?°. Another member, lipoprotein-associated PLA2
(Lp-PLA2; PLA2G7), was shown to remodel cellular PE and oleic acid,
thus mitigating ferroptosis sensitivity®’. However, despite these find-
ings, the precise mechanisms by which PLA2 enzymes modulate fer-
roptosis remain incompletely understood, and their tissue-specific
expression suggests differential regulation.

In this study, we show that PLA2G2F inhibits ferroptosis induced
by both cysteine deprivation and GPX4 inhibition. Although PLA2G2F is
classified asan sPLA2, we found that its intracellular activity is respon-
sible for its ferroptosis-suppressing function. Immunofluorescence
and co-immunoprecipitation mass spectrometry (IP-MS) revealed
that PLA2G2F resides in the endoplasmic reticulum. Furthermore,
we identify peroxisome proliferator-activated receptor y (PPARG), a
nuclear hormone receptor and transcriptional regulator previously
implicated in ferroptosis regulation”2%,as a key transcriptional regu-
lator of PLA2G2F. We show that PLA2G2F regulates a phospholipid
remodeling programthat decreases the abundance of PUFA-containing
phospholipids, particularly ether-linked PEs, leading to a cellular phos-
pholipid state more resistant to ferroptosis.

Results

PLA2G2F inhibits ferroptosis

PLA2G2F contains asignal peptide onits N terminus (isoform1; Fig.1a
and Extended DataFig.1a,b). Interestingly, the PLA2G2F protein might
alsobe translated by using an alternative start codon upstreamof andin

framewithisoform1, thusincluding an additional N-terminal extension
and masking the signal peptide (isoform 2). To confirm the effect of
PLA2G2F onferroptosis inhibition, we generated three overexpression
constructs harboring the open reading frames for isoform 1, isoform
2 andisoform1lacking the signal sequence (AN) (Fig.1a). The AN con-
struct was designed to assess the role of the signal peptide in protein
expression and function. HT1080 and RT112 cell lines overexpressing
C-terminally Flag-tagged PLA2G2F were generated and validated by
western blot and reverse transcription followed by qPCR (RT-qPCR)
(Fig. 1b,c). Interestingly, protein expression was not detectable from
the AN construct, despite its mMRNA expression levels being compara-
ble to those of the other two constructs. Furthermore, isoform1and
isoform 2 showed similar molecular weight, although the isoform 2
mRNA is supposed to encode an additional N-terminal extension (all
these unusual properties of isoform 1, isoform 2 and AN were further
analyzed in this study).

Next, we sought to confirm the ferroptosis-inhibitory activity of
PLA2G2F. HT1080 cells overexpressing PLA2G2F were treated with
the ferroptosis inducers (FINs) RSL3 (a class Il FIN targeting GPX4)%
orimidazole ketone erastin (IKE; a class | FIN inhibiting system x.")*° or
underwent cystine starvation (Fig. 1d-f). As expected, AN PLA2G2F did
not affect ferroptosis sensitivity in HT1080 cells, consistent with the
lack of detectable protein expression. Overexpression of bothisoform
landisoform 2 showed inhibitory effects toward ferroptosis induced
by different triggers.

PLA2G2F exhibits tissue-specific expression in humans and is
highly enriched in skin and bladder tissues® . Notably, our anal-
ysis of the cBioPortal database of patients with cancer®*® indi-
cates that PLA2G2F is frequently overexpressed in bladder cancer
(Extended Data Fig. 1c). Therefore, we selected the RT112 bladder
cancer cellline with a highlevel of PLA2G2F expression toinvestigateits
functioninanendogenous context. PLA2G2F knockout was generated
inRT112 cells using CRISPR-Cas9 with two single-guide RNAs (sgRNAs)
targeting exon 2 of the PLA2G2F gene (Extended Data Fig. 1d; as areli-
able anti-PLA2G2F antibody is not available, the two-sgRNA approach
enabled the validation of knockout by genomic PCR), and PLA2G2F iso-
form2was reintroduced into the knockout cells (Extended DataFig.1e).
PLA2G2F knockout in RT112 cells sensitized them toward ferroptosis
induced by RSL3 and cystine starvation, both of which were rescued
by re-expression of isoform 2 (Fig. 1g). The sensitization was also
evidenced in both cell viability (Extended Data Fig. 1f) and lipid ROS
intensity (Extended DataFig.1g). Notably, RT112 cells were intrinsically
resistant toward IKE, and PLA2G2F knockout caused no significant
change in sensitivity to IKE (Extended Data Fig. 1h). Consistent with
HT1080 cells, overexpression of isoform1orisoform2, but not AN, sup-
pressed ferroptosisin RT112 cells (Fig. 1h,i and Extended Data Fig. 1i,j).

To further examine the role of the signal peptide in PLA2G2F
expression, we generated two constructs with mutations in the signal
peptide: PLA2G2F(AL53-V57) (SP_A), which hasashorter ER transmem-
brane Hregion of the peptide and is predicted to fail ER targeting, and
PLA2G2F(A61Y/G63Y) (SP_YY), which harbors substitutions of two
residues at the predicted cleavage site of the signal peptide”. Interest-
ingly, both constructs resulted in a complete loss of protein signal by
western blot despite a high mRNA expression level and a lack of the
ability to inhibit ferroptosis (Extended Data Fig. 1k-m). Therefore,
a functional signal peptide is essential for PLA2G2F. We also tested
the 253) cellline, which is abladder cancer cell line with low PLA2G2F
expression, and showed that the overexpression of PLA2G2F had the
same protective effect toward RSL3-induced ferroptosisin these cells
(Extended DataFig. 1n-o0).

To examine whether the ferroptosis-inhibitory effect of PLA2G2F
requires its enzymatic activity, we introduced an active site substitu-
tion, H110Q, in isoform 2 (ref. 38) (Extended Data Fig. 1p,q). Loss of
activity in the H110Q mutant was confirmed with an in vitro enzy-
matic assay by incubating the immunoprecipitated mutant with
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Fig.1| PLA2G2F inhibits ferroptosis. a, Design of PLA2G2F constructs to assess
the activity of different isoforms. MW, molecular weight. b,c, Confirmation of
PLA2G2F construct overexpressionin HT1080 and RT112 cells using western
blot (b) or RT-qPCR (c). AU, arbitrary units. d-f, Cell death of PLA2G2F-
overexpressing HT1080 cells induced by 25 nMRSL3 at 16 hr (d), cystine
starvationat14 hr (e) or 0.5 pMIKE at 16 hr (f). g, Cell death of PLA2G2F knockout
in RT112 cells with ferroptosis induced by 12.5 nM RSL3 and cystine starvation at
10 hr.KO, knockout; OE, overexpression. h,i, Cell death of PLA2G2F-expressing

RT112 cells with ferroptosisinduced by 12.5 nM RSL3 at 16 hr (h) or cystine
starvationat16 hr (i).j, Cell death in RT112 cells with PLA2G2F (H110Q)
overexpression, with ferroptosis induced by 12.5 nM RSL3 for 10 hr. k, PLA2G2F
expression levelin abladder cancer cell line panel.l, PLA2G2F expression versus
RSL31Cs,at 24 hrinthe bladder cancer cellline panel. Liproxstatin1(Lip-1), 5 pM.
Dataare presented as mean +s.d., n =3 biologically independent samples (c-1).
Statistical analysis was performed using two-way analysis of variance (ANOVA)
(d-j) or two-tailed Pearson correlation analysis ().

phospholipids, subsequently measuring the abundance of hydro-
lyzed products and remaining substrate (Extended Data Fig. 1r). As
expected, overexpression of the H110Q mutant failed to cause resist-
ance toward RSL3-induced ferroptosis (Fig. 1j), confirming that the
ferroptosis-inhibitory effect of PLA2G2F is indeed executed through
its enzymatic activity.

To evaluate the relationship between PLA2G2F expression and
ferroptosisresistance, we analyzed a panel of bladder cancer cell lines.
Ferroptosis sensitivity was assessed by measuring RSL3 half-maximal
inhibitory concentration (ICs) values using the CellTiter-Glo assay for
cellviability (Extended DataFig.1s). PLA2G2F mRNA levels, quantified
via RT-qPCR (Fig. 1k), showed a positive linear correlation with RSL3
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Fig. 2| PLA2G2F inhibits ferroptosis through intracellular mechanisms.

a, Western blot of conditioned medium (CM) from PLA2G2F-overexpressing
RT112 cells. b, Western blot of conditioned medium from RT112 cells with
endogenous HA-tagged PLA2G2F. WT, wild type. c,d, Cell death curves of
wild-type (WT) HT1080 cells cultured in conditioned medium from PLA2G2F-
overexpressing RT112 cells. Cells were treated with 25 nM RSL3 (c¢) or 0.5 uM
IKE (d). e, Cell death of wild-type HT1080 cells cultured for 10 hr in conditioned

medium from PLA2G2F-overexpressing HT1080 (top) or RT112 (bottom)

cells. f,g, Cell death of H2B-mCherry-labeled HT1080 cells co-cultured with
PLA2G2F-overexpressing HT1080 cells (f) or RT112 cells (g) at 12 hr. Cells were
treated with25nM RSL3, 0.5 pM IKE and/or 5 pM Lip-1as indicated. h, Western
blot of RT112 cells with endogenous HA-tagged PLA2G2F pretreated with
trypsinization. Lip-1, 5 M. Data are presented as mean £ s.d., n = 3 biologically
independent samples (c-g).

IC;, values (Fig. 11), indicating that a higher level of PLA2G2F expression
isassociated with stronger resistance to ferroptosis. These results sup-
portthe notion that PLA2G2F suppresses ferroptosisinbladder cancer.

PLA2G2F inhibits ferroptosis through intracellular
mechanisms

Previous studies have primarily focused onisoform1(ref.13) or a pro-
teinsequence lacking the signal peptide'®” and shown that, when incu-
bated with cultured cells, the recombinant protein lacking the signal
peptide could penetrate and disrupt lipid monolayers and bilayers or
enter the cell’®. These findings raise the possibility that PLA2G2F may
inhibit ferroptosis through an extracellular mechanism.

To test this possibility, we started by collecting and concentrating
conditioned medium from cells overexpressing each construct and
performed western blot analysis. Interestingly, for both isoforms 1
and 2, we observed a Flag-tagged protein of higher-molecular weight
inthe conditioned mediumin comparison with the proteinsin the cell
lysates (Fig. 2a and Extended Data Fig. 2a). A similar higher-molecular-
weight product was also detected in conditioned medium derived

from cells expressing endogenous HA-tagged PLA2G2F (Fig. 2b). To
determine whether this shift in molecular weight reflects glycosyla-
tion associated with PLA2G2F secretion, we treated both cell lysates
and conditioned medium samples with PNGase F to remove N-linked
glycans. Surprisingly, PNGase F treatment reduced the molecular
weight of both fractions, but the extracellular signal still showed
a higher molecular weight, suggesting that both intracellular and
secreted PLA2G2F are glycosylated and that the secreted form pos-
sesses additional modification(s) not susceptible to PNGase F activity
(Extended DataFig. 2b).

We next sought to investigate whether secreted PLA2G2F con-
tributes to ferroptosis suppression. We cultured wild-type HT1080
cells in concentrated conditioned medium derived from PLA2G2F-
overexpressing cell lines (Fig. 2c-e and Extended Data Fig. 2c,d) or in
that derived from RT112 control or PLA2G2F-knockout cells (Extended
Data Fig. 2e,f) and subsequently measured ferroptosis induction.
Ferroptosis sensitivity was not altered upon treatment with these
different sources of conditioned medium. In addition, we also per-
formed co-culture experiments. HT1080 cells with H2B-mCherry
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(mCherry* fusion protein) were co-cultured with either HT1080
cells (Fig. 2f and Extended Data Fig. 2g) or RT112 cells (Fig. 2g and
Extended Data Fig. 2h) expressing vector control or overexpressing
PLA2G2F (mCherry’) and then subjected the cultures to ferroptosis
induction with RSL3. Compared with vector control, PLA2G2F over-
expression inhibited ferroptosis in mCherry cells (cell autonomous)
butnotinmCherry” cells (cellnon-autonomous). Conversely, PLA2G2F
knockout affected RT112 cells (mCherry~, cell autonomous) but not
the co-cultured HT1080 cells (mCherry*, noncell autonomous) in fer-
roptosis sensitivity (Extended Data Fig. 2i,j). These findings further
support the idea that PLA2G2F does not inhibit ferroptosis through
an extracellular mechanism.

Isit possible that PLA2G2F is secreted but is tightly associated with
the membrane of the cell in which it is synthesized? In such a model,
extracellular PLA2G2F would only functionin a cell-autonomous fash-
ion. To test this, we trypsinized PLA2G2F-overexpressing cells before
western blot analysis. IFPLA2G2F were associated with the outer mem-
brane, trypsin treatment would reduce its signal, as seenin the trans-
ferrin receptor control (Fig. 2h). However, the Flag signal remained
unchanged, indicating that there was not a substantial amount of
excreted PLA2G2F that was associated with the outer membrane of the
cell. Taking these findings together, we conclude that PLA2G2F exerts
its ferroptosis-inhibitory effect intracellularly.

PLA2G2F localizes in the ER with its signal peptide cleaved
Because the cDNAs of isoform 1and isoform 2 produce proteins with
similar molecular weights, we sought to analyze their respective protein
products by MS analysis. Immunoprecipitation was performed, fol-
lowed by MS (Fig. 3a, b). Three unique peptide sequences were quanti-
fied and analyzed, with two corresponding to the N-terminal extension
of isoform 2 and one being shared by both isoforms. As anticipated,
the peptides specific to isoform 2 were not detected or quantified in
isoform 1-overexpressing cells. A strong signal of the shared peptide
was observed in both cell types. Surprisingly, MS analysis detected
low levels of peptides corresponding to the N-terminal extension of
isoform 2 inisoform 2-overexpressing cells (Fig. 1b).

Theresults of the MS analysis raised the following question: Does
the mRNA transcript for isoform 2 encode this additional N-terminal
extension upstream of the sequence encoding the signal peptide? To
investigate this, we designed two pairs of RT-qPCR primers, one for
the coding sequence of the N-terminal extension and the other for
the adjacent signal peptide sequence. RT-qPCR with the two primer
sets produced comparable signals in isoform 2-overexpressing cells,
confirming that the extension sequenceis anintegral part of the mRNA
(Fig. 3c, d). We made the same observation in wild-type RT112 cells
expressing endogenous PLA2G2F (Extended Data Fig. 3a), indicating
that, at least in these cells, isoform 2 is the major mRNA transcript
for PLA2G2F.

We further searched for peptide fragments corresponding to the
signal peptide sequencein our IP-MS dataset (Extended Data Fig. 3b).
The abundance of signal peptide-specific peptides was low compared
with that of the common peptide located further downstream, sug-
gesting that the signal sequence is cleaved from the mature, stable
form of the PLA2G2F protein translated from both mRNA isoforms.
This explainshowisoform1andisoform2 constructs produce proteins
with the same molecular weight (Fig. 1b). For the N-terminal exten-
sion sequence in isoform 2, it is possible that either the start codon
immediately upstream of the signal peptide is preferentially used for
protein translation or the additional N-terminal sequence of isoform
2is cleaved right after its translation.

Cleavage of the signal peptide from the mature PLA2G2F protein
prompted usto determineitsintracellularlocalization. We conducted
immunofluorescence imaging of PLA2G2F coupled with markers for
different cellular organelles (Fig. 3e,f). PLA2G2F from both isoform
constructs showed the strongest colocalization with the ER marker

PDI, indicating ER localization. Consistent with this conclusion, MS
analysis of PLA2G2F co-immunoprecipitation products revealed that
its interacting proteins are predominantly enriched for ER proteins
(Extended DataFig.3c), whichwas also supported by aGene Ontology
(cellular component) analysis (Extended Data Fig. 3d). Based on the
observations from IP-MS and confocal imaging, we propose that the
signal peptide of PLA2G2F guides its translocation into the ER where
the signal peptide is proteolytically removed.

To further test this hypothesis, we expressed a fusion protein link-
ing the PLA2G2F signal peptide to green fluorescent protein (GFP) in
RT112 cells. We also expressed mCherry-tagged Sec61f in the cells as
an ER membrane marker. With super-resolution microscopy, we saw a
clear overlap of GFP with Sec61p, demonstrating that PLA2G2F signal
peptide can direct GFP to the ER (Extended Data Fig. 3e).

PLA2G2F is a transcriptional target of PPARG and mediates the
ferroptosis-inhibitory function of PPARG

Giventhat PLA2G2F is alipid-modifying enzyme, we hypothesized that
its expression may be regulated by lipid metabolism-related transcrip-
tion factors. We performed a transcription factor prediction using
the ALGGEN-PROMO tool*’ on the genomic sequence spanning 500
bp upstream and downstream of the PLA2G2F gene. The TRANSFAC
v8.3 model identified 69 potential transcription factors with a dis-
similarity margin of <15%. Among those candidates, we focused on lipid
metabolism-related transcription factors. With this criterion, the PPAR
andretinoid X receptor (RXR) families were identified. Notably, PPAR
family members are known to bind to RXR family members to form a
heterodimer transcription factor complex*°. Further, expression data
from the public database DepMap (https://depmap.org/portal/)* show
apositive correlation between PPARG and PLA2G2F expression levelsin
bladder cancer (Extended Data Fig. 4a), and online chromatin immu-
noprecipitation and sequencing (ChIP-seq) databases**show various
binding peaks of PPARG on the PLA2G2F gene (Extended DataFig. 4b).
To verify those PLA2G2F peaks, we conducted a ChIP-qPCR on the
RT112 bladder cancer cell line, by designing five sets of primers, each
targeting a peak that was identified from the online ChIP-seq databases
(Extended Data Fig. 4b). The results showed that PPARG can bind to
these five peaks, and importantly, binding of PPARG with peak 3 (P3;
corresponding to chrl: 20152436-20152715) was upregulated upon
treatment with PPARG agonist GW1929 (Fig. 4a).

Toassess transcriptional regulation by the candidate transcription
factors, RT112 cells were treated with various agonists for those tran-
scriptionfactors,and the PLA2G2F mRNA and protein levels were meas-
ured (Fig. 4b,c). Of all agonists tested, the PPARG agonists produced
the most robust upregulation of PLA2G2F. PPARG agonist activity was
further confirmed with the upregulation of FABP4, a PPARG target
gene®. (Fig. 4c). This induction was consistently observed across a
panel of bladder cancer celllines (Fig. 4d). PPARG s a potential cancer
therapeutic target**, and it has also been implicated in ferroptosis
inhibition with underlying mechanisms not well defined” . As sev-
eral ferroptosis genes have been reported to be regulated by PPARG
agonists®*™* we also measured the impact of PPARG agonists on a
series of ferroptosis-related genes. While PPARG agonists may regulate
MBOATI and GPX4rather modestly, if at all, the magnitude of induction
was significantly lower than that of PLA2G2F and the known PPARG
target FABP4(Extended DataFig. 4c).

To determine whether PPARG suppresses ferroptosis specifi-
cally through PLA2G2F, we conducted cell death assays using the
PPARG agonists GW1929 and rosiglitazone in control cells and
PLA2G2F-knockout cells (Fig. 4e,f and Extended Data Fig. 4d). In con-
trol cells, RSL3-induced ferroptosis was significantly attenuated by
PPARG agonist treatment. However, this protective effect was largely
abolished in PLA2G2F-knockout cells. The overexpression of PLA2G2F
in RT112 cells protected cells against RSL3 regardless of the state of
PPARG signaling (Extended DataFig. 4e,f), further supporting theidea
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Fig. 3| PLA2G2F inhibits ferroptosis in the ER. a, Western blot of anti-Flag
immunoprecipitation in PLA2G2F-overexpressing RT112 cells. b, MS signal
intensity of isoform 2-specific peptides and common peptide following
anti-FLAG immunoprecipitationin PLA2G2F-overexpressing RT112 cells. LFQ,
label-free quantification. ¢,d, RT-qPCR of isoform 2-specific or signal peptide-
specific mRNA sequences in PLA2G2F-overexpressing HT1080 cells (c) or RT112
cells (d). e, Representative images of isoform 2 colocalization with different

cellular organelle markers in RT112 cells from n = 2independent experiments.

f, Pearson coefficient of the fluorescence signals from immunofluorescence
showing colocalization of PLA2G2F with the ER marker. Mito, mitochondria.
Data are presented as mean +s.d., n = 3 biologically independent samples (b-d)
ormean +s.d., n= 8 technical replicates for the mitochondria and Golgi groups,
n=10technical replicates for the ER group (f). Statistical analysis was performed
using two-way ANOVA (f).

that PLA2G2F is the primary functional effector in this context. Further-
more, we generated PPARG-knockdown RT112 cells (Fig. 4g) and found
that both the induction of PLA2G2F and the ferroptosis-inhibitory
effects of PPARG agonists were effectively neutralized (Fig. 4h,i and
Extended Data Fig. 4g,h). These results demonstrate that PLA2G2F is
crucial for PPARG-mediated ferroptosis suppressionin these bladder
cancer cells.

PLA2G2F promotes ferroptosis resistance through
phospholipid remodeling

Our work indicates that the catalytic activity of the lipid metabolic
enzyme PLA2G2F isrequired for its capability to suppress ferroptosis
(Fig.1j). To further investigate the underlying mechanism, we con-
ducted anuntargeted lipidomic analysis on RT112 cells overexpressing
PLA2G2F (isoform 2) versus vector control, as well as PLA2G2F-knockout
versus wild-type cells (Fig. 5a,b and Extended Data Fig. 5a). Significant
alteration of cellular lipid species was induced by both overexpression
and knockout of PLA2G2F.

In terms of free fatty acids, we observed that the abundance of
free PUFAsincreased in PLA2G2F-overexpressing cells and decreased
inknockout cells (Fig. 5c and Extended Data Fig. 5b), likely due to the
enzymatic cleavage activity of PLA2G2F. For lysophospholipids (LPLs),
free PUFA levels were overall elevated in PLA2G2F-overexpressing cells
and lowered in the knockout group, which was particularly the case
for ether-linked LPLs (Fig. 5d,e). Combined, these findings suggest
that PLA2G2F preferentially cleaves ether-linked phospholipids with
PUFA chains at the sn-2 position, releasing free PUFAs and ether-linked
LPLs. Note that, due to the isobaric nature of plasmanyl (O-) and plas-
menyl (P-) species, ether-linked lipids are annotated based on MS-DIAL
output*®*’; however, these assignments remain structurally ambiguous
atthe MS1and MS2 levels.

For PE species, the alteration appears to be more complicated
(Extended Data Fig. 5¢). Among those significantly altered PEs,
we found that abundant PUFA-containing PE species, especially
ether-linked PEs, were downregulated in the overexpressing group
(Fig.5e). Conversely, these species that were significantly upregulated
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Fig. 4| PPARG suppresses ferroptosisin a PLA2G2F-mediated manner in
bladder cancer cells. a, ChIP-qPCR results showing binding and regulation
of PLA2G2F by PPARG in RT112 cells. GW, GW1929; P, peak. b,c, RT-qPCR (b)
and western blot (c, left) of PLA2G2F levels with various agonist treatments for
48 hr. The PLA2G2F-HA signal from the western blot was quantified, showing
a~2.5-fold increase under PPARG agonist treatment (¢, right panel). GW1929,
10 pM; rosiglitazone (Rosi), 20 pM; fenofibrate (Feno), 25 pM; and bexarotene
(Bexa),1uM. d, RT-qPCR of PLA2G2F levels with 10 pM GW1929 for 48 hrin

the bladder cancer cell line panel. e,f, Cell death of PLA2G2F-knockout cells

Ctrl shPPARG40 shPPARG41

with 10 puM GW1929 (48-hr pretreatment) at 12 hr (e) or 20 pMrosiglitazone
(48-hr pretreatment) at 14 hr (f). g, Western blot of PPARG knockdown in RT112
cells. h, RT-qPCR of PPARG-knockdown RT112 cells with 10 pM GW1929 (48-hr
pretreatment) at 12 hr. i, Cell death of RT112 cells with PPARG knockdown with
10 M GW1929 (48-hr pretreatment) at 14 hr.RSL3,12.5 nM; Lip-1, 5 uM. Data
are presented as mean +s.d., n =3 biologically independent samples (a-f,h,i).
Statistical analysis was performed using two-way ANOVA (a-c,e,f,i) or unpaired
two-tailed t test (d,h).

inthe knockout group contained PUFA tails (Fig. 5b). To further exam-
ine the differences among distinct lipid classes, we calculated the
normalized fold change in LPLs with different head groups that are
diacyl or ether-linked lipids (Extended Data Fig. 5d). We saw a higher
fold changein ether-linked lysophosphatidylethanolamines (LPEs) in
comparison with the other lipid classes. Enrichment analysis further
supported a preferential decrease in the abundance of ether-linked
PUFA-containing phospholipids in PLA2G2F- overexpressing cells
(Extended Data Fig. 5e). Notably, the proportion of significantly
altered PUFA-containing phospholipids was higher than that of
MUFA-containing phospholipids inboth PLA2G2F-overexpressing and
knockout cells (Extended Data Fig. 5f). We note that stoichiometrically
the decreasein phospholipid abundance did not match perfectly with
theincreaseintheabundance of corresponding LPLs. This is expected
inuntargeted lipidomics due to differential ionization efficiencies and
dynamic ranges, as well as the relatively rapid metabolic turnover of
LPLsin cellular remodeling pathways.

To further assess the substrate preference of PLA2G2F, we con-
ducted in vitro enzymatic assays using affinity-purified proteins and
equimolar combinations of phospholipid substrates in the form of
liposomes. We directly compared preferences across three structural
features: acyl-chain saturation (PUFA- versus MUFA-containing phos-
pholipids), linkage type (diacyl versus ether-linked phospholipids)
and head group (PE versus PC). Consistent with our cellular observa-
tions, PLA2G2F exhibited astronger hydrolysis of PUFA-containing and
ether-linked phospholipids compared with their MUFA-containing and
diacyl-linked counterparts, respectively, and amore potent hydrolysis
was also seen in PE over PC substrate (Fig. 5g,h). Together, these bio-
chemical datademonstrate that PLA2G2F possesses a distinct kinetic
preference for PUFA-containing ether-linked PEs.

In contrast with PUFA-containing PEs, PUFA-containing phos-
phatidylglycerol and phosphatidylinositol species had increased
abundance in PLA2G2F-overexpressing cells (Extended Data
Fig. 5g). Notably, the overall abundance of phosphatidylglycerol and
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phosphatidylinositol species was lower than that of PE species, sug-
gesting a limited contribution to the total lipid pool compared with
primary changes observed in the PE fraction.

Ether-linked phospholipids have been implicated in ferrop-
tosis induction, although the underlying mechanisms remain
unclear'®*°, and PUFA-containing PEs are well-established promoters
of ferroptosis®’. Therefore, our data support the following model
wherein PLA2G2F reduces the cellular pool of PUFA-containing PEs,
especially ether-linked PEs, thereby shifting the composition of the cel-
lular lipidome from one with more oxidation-sensitive PUFA-containing
PEs toward one with more MUFA-containing PEs, resulting inincreased
ferroptosis resistance (Fig. 5h).

To further clarify the relationship of such a change in phospho-
lipid profile with ferroptosis resistance, we investigated the contri-
bution of the phospholipid remodeling enzymes, MBOAT1/MBOAT2.
T47D breast cancer cell line was used, which predominantly expresses
ER-regulated MBOAT1instead of MBOAT2 for its ferroptosis resistance’.
We overexpressed PLA2G2F in both control and MBOATI-knockout
T47D cells and measured their sensitivity to ferroptosis (Fig. 5j and
Extended DataFig.5h). As expected, we observed a strong ferroptosis
inhibition effect upon PLA2G2F overexpressioninwild-type T47D cells,
but PLA2G2F overexpression led to anoticeable but much attenuated
inhibitory effect on ferroptosis in MBOATI-knockout cells (Fig. 5j),
likely because the loss of MBOAT1 remodels the phospholipid profile
toward high abundance of PUFA-containing phospholipids, rendering
PLA2G2F overexpression on the MBOATI-knockout background farless
effective in suppressing ferroptosis.

Discussion

In this study, we demonstrate that a high level of PLA2G2F expression
contributes to ferroptosis resistance inbladder cancer and that PPARG
transcriptionally upregulates PLA2G2F. This finding has clinical impli-
cations because of the role of PPARG in determining bladder cancer
subtype. Bladder cancer is broadly classified into luminal papillary
(-80%) and basal nonpapillary (-20%) subtypes, which differ in pathol-
ogy, prognosis and therapeutic response’. Luminal papillary tumors
are typically less invasive but are generally less immune responsive
and pronetorecurrence. A hallmark of the luminal subtypeis elevated
PPARG expression®?, which drives urothelial differentiation and is
genetically activated in ~20-25% of these tumors®>*>. In this study, all
PLA2G2F-high bladder cancer cell lines we used (RT112, SW780 and
RT4) belongto the luminal papillary subtype with a high level of PPARG
expression®, consistent with our finding that PPARG transcriptionally
upregulates PLA2G2F. Given that the luminal bladder cancer subtype
displays reduced ferroptosis sensitivity>>*°, our data provide amecha-
nistic explanation for such subtype-specific resistance and suggest
that disruption of the PPARG-PLA2G2F axis could sensitize luminal
bladder cancers to ferroptosis-inducing therapies. Beyond cancer,
PLA2G2F has also been implicated in aging and in maintaining lipid
homeostasis inamouse model of neurodegeneration®’. Together, these
observations suggest that PLA2G2F may have abroader rolein cellular
lipid regulation across distinct disease contexts, while the mechanistic
basis and pathological consequences appear to be context dependent.
Further, aninteresting question for future research is whether the
ferroptosis-suppressive role of PLA2G2F contributes to processes such
as aging and neurodegeneration.

This study has revealed some intriguing cellular and molecular
features of PLA2G2F. Although PLA2G2F is characterized as asecreted
enzyme because of the presence of a putative signal peptide sequence,
a substantial portion of the PLA2G2F protein remains inside the cell,
atleast forits ferroptosis-suppressing activity. Remarkably, theintra-
cellular ER localization of the enzyme appears to require the signal
peptide, and without it, the protein might not be properly synthe-
sized or be rapidly degraded, as no stable protein was observed for
the AN form (Fig. 1b). Is such degradation due to misfolding of the

protein in the cytoplasm (that is, certain additional processes inside
ofthe ER facilitate proper folding of PLA2G2F after the signal peptide
isremoved), or is the degradation triggered by its recognition by a
specific cytoplasmic E3 ubiquitin ligase, although it can be folded
correctly in the cytoplasm? The latter possibility suggests that acci-
dental leakage of the enzyme to the cytoplasm might be unfavorable
biologically and thus needs to be efficiently eliminated. If so, what is this
unfavorable consequence? Further, a form of PLA2G2F that is poten-
tially secreted and extracellular was observed, although it exhibited
a higher-molecular weight but lacked ferroptosis-inhibitory activity
(Fig.2 and Extended DataFig. 2). Is there any specific posttranslational
modificationthat dictates whether PLA2G2F should remaininthe ER or
besecreted? Whatisthebiological function of the secreted PLA2G2F?
Does the presumed secretion-specific modification alter the enzymatic
activity of PLA2G2F? Although notimmediately relevant to ferroptosis,
allthese questions warrant further investigation.

Importantly, this study also suggests a certain level of substrate
preference for PLA2G2F and, speculatively, for other members of the
PLA2 family. Our lipidomic and biochemical analyses lend evidence
toward the possibility that PLA2G2F preferentially cleaves the PUFA
chainatthe sn-2 position of ether-linked PE species. It willbeimportant
todetermine the structural basis for PLA2G2F to favor ethanolamine as
thehead group or the ether link at the sn-1 position of its phospholipid
substrate. Speculatively, the preference of PLA2G2F for ether-linked
phospholipids may be further reinforced by subcellular compartmen-
tation. The biosynthesis of ether-linked phospholipidsisinitiatedin the
peroxisome and completed in the ER before these phospholipids are
transported to the plasma membrane’®. Given that PLA2G2F is local-
ized to the ER, its physical proximity to these species likely facilitates
efficient substrate access. Furthermore, because PLA2G2F exhibits a
preference for ether-linked substrates, the basal rate of biosynthesis
of ether-linked lipids could dictate the total substrate availability for
PLA2G2F-mediated remodeling.

Our lipidomic analysis also revealed that the decrease in
PUFA-containing PEs caused by PLA2G2F was accompanied by aconcur-
rentincrease in PUFA-containing phosphatidylglycerol and phosphati-
dylinositol species. This observation suggests a potential metabolic
redistribution, where free PUFAs released from PEs by PLA2G2F activity
might be re-incorporated into other phospholipids. While definitive
quantification of this flux would require future isotope-tracing stud-
ies and the biological relevance of the concurrent increase of phos-
phatidylglycerol and phosphatidylinositol species is not clear, the
steady-state increase in phosphatidylglycerol/phosphatidylinositol
species highlights the complexity of the lipid remodeling landscape
induced by PLA2G2F.

Remarkably, in addition to PLA2G2F, several other PLA2 family
members have also been shown to promote ferroptosis resistance’® 2.,
Do they all recognize PUFAs at the sn2 position of phospholipids, or do
they preferentially cleave damaged fatty acyl chains (PUFAs are suscep-
tible to damage by oxidation) of phospholipids to surveil phospholipid
integrity and homeostasis, as proposed previously®*? In either case,
the underlying mechanisms need to be defined. Furthermore, giventhe
distinctexpression, regulation and biological roles of various PLA2 fam-
ilymembers®, it will be interesting to investigate whether ferroptosis
suppression contributes to their corresponding biological functions.

Lastly, this and previous studies appear to pinpoint to a shared,
common paradigm in that various nuclear hormone receptors tran-
scriptionally regulate the expression of specific lipid metabolic
enzymes, whichinturnalter the cell’s sensitivity to ferroptosis induc-
tion. For example, inaddition to the PPARG-PLA2G2F axis revealedin
this study, estrogen receptor and androgen receptor regulate MBOAT1
and MBOAT2, respectively, with both leading to cellular phospholipid
remodeling and enhanced resistance to ferroptosis’. Other recent
studies have reported similar mechanisms for FXR, RXR and addi-
tional nuclear receptors, further supporting the generality of this
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paradigm® . The effect of these various nuclear hormone receptors
on ferroptosis might be ‘coincidental’ due to the central role of lipid
metabolismin ferroptosis. Onthe other hand, and beyond ferroptosis,
the biological logic of thiscommon paradigm of the regulation of lipid
metabolism by a variety of nuclear hormone signaling pathways war-
rants further in-depth investigation.

Online content
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Methods

Chemicals

IKE (S8877), fenofibrate (S1794) and bexarotene (S2098) were pur-
chased from Selleck Chemicals. (15,3R)-RSL3 (Cayman Chemicals
19288), liproxstatin 1 (Cayman Chemicals 17730), PE-18:0/20:4
(1-stearoly-2-arachidonoyl-sn-glycerol-3-PE; Cayman Chemicals 25871),
PE-18:0/18:1 (1-stearoyl-2-oleoyl-sn-glycero-3-PE; Cayman Chemicals
38153) and PC-18:0/20:4 (1-stearoyl-2-arachidonyl-sn-glycero-3-PC;
Cayman Chemicals10009864) were purchased from Cayman Chemi-
cals. GW1929 (MedChemExpress HY-15655) and rosiglitazone (Med-
ChemExpress HY-17386) were purchased from MedChemExpress.
PE-P-18:0/20:4 (C18(Plasm)-20:4 PE, Avanti 852804) was purchased
from Avanti Research.

Cell culture
HT1080 cells, HEK293T cells and their derived cell lines were cultured
in DMEM (provided by the Media Preparation Core Facility of the
Memorial Sloan Kettering Cancer Center (MSKCC)) with 10% fetal
bovine serum (Gibco), 2 mM L-glutamine and 100 U ml™ penicillin/
streptomycin (Gibco) at 37 °C and 5% CO,. RT112, SW780, RT4 and
T47D cellsand their derived cell lines were cultured in RPMI (provided
by the Media Preparation Core Facility of MSKCC) with 10% fetal
bovine serum (Gibco), 2 mM L-glutamine and 100 U ml™ penicillin/
streptomycin (Gibco) at 37 °C and 5% CO,. 253 J, T24 and HT1376 cells
were cultured in Eagle’s MEM (provided by the Media Preparation
Core Facility of MSKCC) with 10% fetal bovine serum (Gibco), 2 mM
L-glutamine and 100 U ml™ penicillin/streptomycin (Gibco) at 37 °C
and 5% CO,.

The HT1080 (CCL-121), HEK293T (CRL-3216), SW780 (CRL-2169),
RT4 (HTB-2), T24,HT1376 (HTB-4) and T47D (HTB-133) cell lines were
acquired through ATCC. The RT112and 253 J cell lines were a gift from
the laboratory of David Solit. T47D MBOATI1¥C cells were obtained as
described’. Batch-specific certificates of analysis are available on the
manufacturer’s website from ATCC. The RT112and 253 ] cell lines were
notauthenticated.

Celllines

Generation of PLA2G2F overexpression cell lines. Different con-
structs for PLA2G2FcDNAs were subcloned into the pQCXIP vector with
aFlag-tagatthe C-terminus. The plasmids were confirmed using Sanger
sequencing. To generate stable overexpression, retroviral particles of
the corresponding plasmids were made as shownin the Production of
lentiviral and retroviral infectious particles. HT1080 and RT112 cells
were infected with retroviruses and selected with 2 pg ml™ puromycin.

Generation of PLA2G2F-H110Q cells. The PLA2G2F-H110Q plas-
mid was made from the isoform 2 overexpression plasmid using the
Q5 Site-Directed Mutagenesis Kit (NEB, E0554s) with the following
primers: PLA2G2F_H110Q_F (CTGCCACGCCCAGGACTGCTGCT) and
PLA2G2F_H110Q_R (CACCAGTCCACCTCATCCTTGGG) for H110Q. The
mutation was confirmed using Sanger sequencing. To generate stable
overexpression, retroviruses of the corresponding plasmids were
made asshownintheProduction oflentiviral and retroviral infectious
particles. RT112 cells were infected with retroviruses and selected with
2 pg mi™ puromycin.

Generation of PLA2G2F AL53-V57 and A61Y/G63Y cells. The
PLA2G2F AL53-V57 and A61Y/G63Y plasmids were made from the iso-
form2overexpression plasmid using the following primers and ampli-
fied with KAPA HiFi HotStart ReadyMix (Roche, KK2601): dL53-V57_F
(CTGTCCACAGCTCACG) and dL53-V57_R (GTGAGCTGTGGACAGGATG-
GCCACG)for AL53-V57and A61Y_G63Y_F (TCCACATATCACTACAGCCT-
GCTCAAC)and A61Y_G63Y_R(TGCCGTGAGCTGTGGACAGAACGCTGC)
for A61Y/G63Y. Thelinear PCR product was circularized with In-Fusion
Snap Assembly Master Mix (Takeda, 638949) and confirmed with

Sanger sequencing. To generate stable overexpression, retroviruses
ofthe corresponding plasmids were made as shownin the Production
oflentiviral and retroviralinfectious particles. RT112 cells were infected
with retroviruses and selected with 2 pg mi™ puromycin.

Generation of PLA2G2F CRISPR knockout cells. RT112-PLA2G-
2FX° cells were generated by transient transfection of two PLA2G2F
targeting sgRNAs (GGTCAGTGGAACCATAACTC and GAGATGGAA
TCCTCCAGGGA) clonedinthe eSpCas9(1.1)-T2A-eGFP or eSpCas9(1.1)-
T2A-mCherry vector, respectively (Addgene, 71814), in RT112 cells
with Lipofectamine 3000 reagent (Invitrogen, L3000001). The cells
were sorted for GFP*'mCherry* cells by FACS 48-72 h after trans-
fection and plated for single clones. Single clones were selected
by genomic PCR confirming the deletion of PLA2G2F exon 2 using
primers PLA2G2F_KO_F (AACATGGCAGATGGGGCAAAGGCCA) and
PLA2G2F_KO_R (ATGATGCCGGGACGAGTGGCAGGGT).

Generation of cells overexpressing signal peptide-GFP fusion
protein. The signal peptide-GFP fusion cDNAs were cloned from the
eGFP coding sequence and were amplified from a template plasmid
using the following primers: SP_eGFP_F (GTCCACAGCTCACGGCgt-
gagcaagggcgag) and eGFP_Xhol_R (ATCGTATGGGTACATCTCGAGTC-
CGctacttgtacagctcgtcca). The N-terminal signal peptide of PLA2G2F
was then appended to the eGFP sequence through successive
rounds of overlapping PCR extension. In each round, the forward
primer was extended upstream using overlapping primers (TGGC
CATCCTTGCTGGCAGCGTTCTGTCCACAGCTCAC, GTGCCACCAT-
GAAGAAGTTCTTCACCGTGGCCATCCTTGCTGG and GGAATTGATC-
CGCGGCCGCACCGGTGCCACCATGAAGA subsequently) to complete
the full-length signal peptide sequence. The final PCR product was
subcloned into a linearized pQCXIP retroviral vector digested with
Ageland Xhol, and the plasmid was verified by Sanger sequencing. To
generate stable overexpression, retroviruses of the corresponding
plasmids were made as shown in the Production of lentiviral and ret-
roviralinfectious particles. RT112 cells were infected with retroviruses
and selected with 2 pg ml™ puromycin.

Generation of endogenous HA-tagged PLA2G2F.PLA2G2F dTAG HA_
Neo plasmid was generated by subcloning the two homology
arms in FKBP-V(dTAG)_2xHA_P2A _Neo®‘. The two homology arms
were generated using genomic PCR in RT112 wild-type cells with
the following primers: overhangl_F (TCGCCTTCTTGACGAGTT-
CTTCTAGAGCCTCTGAGGTTTGAGAGA) and overhangl_R (ATGA-
TTACGCCAAGCTTGATGCCTGGGGGGTGTACCTGGGTGTGT)
and overhang2_F (TAAAACGACGGCCAGTGAATTCGATGGGTG-
ACTTAGGTAAACCCA) and overhang2_ R (ACCAGAACCACCACCA-
GAACCACCGGGAGGGGCGGGGGGCGCTGQG).

RT112 cellswere transiently transfected with an sgRNA (GCCCCTC-
CCTAGAGCCTCTG) subcloned in eSpCas9(1.1)-T2A-eGFP (Addgene,
71814) and PLA2G2F_dTAG_HA_Neo with Lipofectamine 3000 and
sorted by FACS for GFP-positive cells. Sorted cells were then subjected
to selection with 100 pg ml™ genecitin G415 (Gibco, 10131035) and
plated for single clones. Single clones with ahomozygous HA tag insert
were confirmed by genomic PCR using the primers PLA2G2F_HA_testF
(ACAGCCTTTGCCACCCCATC) and PLA2G2F_HA testR (GGCCATCCT-
GTGGGATCAGC) and by western blot.

Generation of PPARG KD cells. For the generation of PPARG KD cell
lines, lentiviral plasmid constructs of PPARG shRNA (Sigma-Aldrich,
TRCN0O000001670 and TRCNO000001671) or its control plasmid
(Sigma-Aldrich, shc001) were purchased from MilliporeSigma. To
generate stable overexpression, lentiviruses of the corresponding
plasmids were made as shown in the Production of lentiviral and ret-
roviralinfectious particles. RT112 cells were infected with retroviruses
and selected with 2 pg ml™ puromycin.
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Production of lentiviral and retroviral infectious particles
Retroviruses were produced by cotransfecting the retroviral plasmid,
packaging plasmid gag/pol (Addgene, 14887) and pCMV-VSV-G plasmid
(Addgene, 8454) into HEK293T by Lipofectamine 3000 reagent (Inv-
itrogen, L3000001). Lentiviruses were produced by cotransfecting
lentiviral plasmid, packaging plasmid psPAX2 (Addgene, 12260) and
pMD2.G plasmid (Addgene, 12259) into HEK293T cells by coprecipita-
tionwith calcium phosphate. The supernatants containinginfectious
particles were collected 48 h after transfection and passed through a
0.45-umfilter.

Immunoblotting

Cells were harvested and lysed in RIPA buffer (Thermo Fisher Sci-
entific, 89900) with protease inhibitor (Thermo Fisher Scientific
A32955). Cell debris was removed by centrifuging at 12,000 g for
10 min, and the supernatant was collected. Protein concentrations
were determined by Protein Assay Dye Reagent Concentrate (Bio-Rad
5000006).4x Laemmlibuffer was added to the cell lysate with appro-
priate concentration, and the samples were subjected to boiling at
95 °C for 5 min. Cell lysates were then resolved on SDS-PAGE gels
and transferred to a nitrocellulose membrane. The membranes were
blocked in 5% milk (RPI, M17200) at room temperature for 30 minand
thenincubated with primary antibodies at 4 °C overnight. After three
washes in TBST, the membranes were incubated with goat anti-mouse
horseradish peroxidase (HRP)-conjugated antibody (Invitrogen,
31430) or goat anti-rabbit HRP-conjugated antibody (Invitrogen,
31460) at room temperature for 30 min and then subjected to three
washes in TBST. The membranes were then incubated for 5 min for
chemiluminescence in Clarity Western ECL Substrate (Bio-Rad,
1705060) and visualized by Amersham Imager 600 (GE Healthcare
Life Sciences).

The following primary antibodies were used: vinculin antibody
(7F9) (Santa Cruz Biotechnology, sc-73614), 1:1,000; monoclonal
anti-FlagM2 antibody (Sigma-Aldrich, F1804),1:1,000; HA-tag (C29F4)
rabbit monoclonal antibody (Cell Signaling Technology, 3724S),
1:1,000; FABP4 (E6E8B) rabbit monoclonal antibody (Cell Signaling
Technology, 50699 T),1:1,000; ACSL4 antibody (F-4) (Santa Cruz Bio-
technology, sc-365230),1:100; and PPARy (C26H12) rabbit monoclonal
antibody (Cell Signaling Technology, 2435S),1:1,000.

qRT-PCR

Cellswerelysed using TRIzol solution (Invitrogen,15596026) after the
indicated treatments. Total RNA was extracted following the manu-
facturer’sinstructions. cDNAs were synthesized usingiScript Reverse
Transcription Supermix (Bio-Rad, 1708841), and qPCR was performed
using PowerUp SYBR Green Master Mix (Applied Biosystems, A25742).
GADPHwas used as the internal control. The relative expression of the
indicated genes was calculated by the AAC; method. Alist of the prim-
ersused for qPCR s provided in Supplementary Table 2.

Collection and concentration of the conditioned medium

Cells were cultured at an appropriate density for at least 24 h. Con-
ditioned medium was collected and concentrated to one-tenth of its
original volume using an Amicon Ultra Centrifugal Filter,10 kDaMWCO
(UFC8010) at 3,200 gfor 30 min.

PNGase F assay

Toremove N-linked oligosaccharides on PLA2G2F, 20 pg of lysate and
the corresponding volume of concentrated conditioned medium were
adjusted subsequently for the following buffer: 0.25% SDS, 50 mM
dithiothreitol, preheated at 95 °C for 5 min, 50 mM Tris-HCI (pH 7.5) and
1% NP-40. 6U PNGase F (6 U; Promega, V4831) was added to the reac-
tion mix, and the reaction was incubated at 37 °C for 3 hr. 4x Laemmli
buffer was added to the treated samples and was ready to be resolved
by SDS-PAGE gels.

Cell death assay

Cells were seeded at an appropriate cell density and cultured under
normal conditions for 24 h. Cells were then stained with 0.1 pg mI™
Hoechst 33342 (Invitrogen, H3570) for 20 min at 37 °C followed by
treatments as described in individual experiments with 5nM SYTOX
Green to monitor cell death. Culture plates were read by Cytation 5 at
theindicated time points. The percentage of cell death was calculated
asthenumber of SYTOX Green® cells divided by the number of Hoechst
33342" cells. Cystine starvation media were made using the corre-
sponding media for each cell line deprived of cyst(e)ine (provided by
the Media Preparation Core Facility of MSKCC) with 10% dialyzed fetal
bovine serum (GeminiBio,100-108-500), 2 mM L-glutamine and 100 U
ml™ penicillin/streptomycin (Gibco).

Cell viability assay

Cells were seeded at an appropriate cell density in a 96-well plate and
cultured under normal conditions for 24 h. Cells were then treated with
the indicated treatments as described in individual experiments in
100 pl medium per well. Fifty microliters of CellTiter-Glo reagent (Pro-
mega, G7573) was added to each well, and the plates were shaken for
2 minandincubated at room temperature for 10 min. Fifty microliters
perwell ofincubated reagent was transferred to an opaque white plate
and measured for luminescence using a Spark Multimode Microplate
Reader (Tecan).

Measurement of lipid ROS

Cellswere seeded at an appropriate cell density and cultured under
normal conditions in 24-well plates. Then, cells were treated with
RSL3 for 3 h, followed by staining with 5 uM BODIPY 581/591 C11
(Invitrogen, D3861) for 30 min at 37 °C. The cells were then washed
twice with PBS and trypsinized for flow cytometry analysis with 0.1 pg
ml™ DAPI (Invitrogen, D1306). Flow cytometry data were collected
using the BD FACSDiva software with an LSRFortessa instrument.
Initial cells were identified by gating SSC-A versus FSC-A. Single-cell
events were identified by gating FSC-H versus FSC-A, and live cells
were gated by DAPI-A versus FSC-A (Supplementary Fig. 3). Lipid
ROS levels were quantified by measuring the mean fluorescence
intensity of the oxidized C11-BODIPY signal in the FITC-A channel.
All data were normalized to control groups for statistical analysis
and representation in bar plots.

Invitro PLA2G2F activity assay

Sample preparation and in vitro reaction. Control, PLA2G2F isoform
2-and PLA2G2F-H110Q-overexpressing RT112 cells were harvested
from 85% confluent 15-cm plates in lysing buffer (50 mM Tris-HCI (pH
8.0),150 mM sodium chloride (NaCl), 0.5% Triton X-100 and 5% glyc-
erol (v/v)) containing protease inhibitor (Thermo Scientific, A32955).
Samples were centrifuged at 12,000 gfor 10 min, and the supernatant
was collected and measured for protein concentration using the BCA
assay. Five milligrams of lysate was incubated with anti-Flag M2 affin-
ity gel (MilliporeSigma, A2220) at 4 °C overnight. The Flag-binding
gel was washed three times with reaction buffer (50 mM HEPES (pH
7.4),100 mM NaCl and 50 pM butylated hydroxytoluene (BHT)) for
thelipid reaction.

Individual 1 mM lipid stocks of PE-18:0/18:1, PE-18:0/20:4, PE-P-
18:0/20:4 and PC-18:0/20:4 were prepared in chloroform. For lipid
film preparation, 100 pl of each lipid stock was combined to a 200-pl
total lipid volume per condition, with the following three paired lipid
conditions: PE-18:0/18:1 with PE-18:0/20:4, PE-18:0/20:4 with PE-O-
18:0/20:4 and PE-18:0/20:4 with PC-18:0/20:4. BHT was added to a
final concentration of 50 pM. Lipids were dried under agentle stream
of nitrogen and left uncapped for 10 min to remove residual solvent.
Dried lipid films were resuspended in 1 ml reaction buffer (50 mM pH
7.4 HEPES, 100 mM NaCland 50 uM BHT), yielding a final concentration
of200 uMtotal lipid. Samples were vortexed briefly, incubated at room
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temperature for 15 min, vortexed again and sonicated for S minat 4 °C.
Liposome suspensions were stored at 4 °C for up to 24 hr.

Biochemical reaction and LC-MS processing. Washed Flag affinity
geland 25 pl liposome mix were combined to a total volume of 100 pl
in reaction buffer, with the addition of 0.5 mM CacCl,. The reaction
mixture was incubated at 37 °C for 30 min, spinning at 500 rpm. EDTA
was added to a final concentration of 2 mM to quench the reaction,
and 100 pmol fatty acid 17:0 was added as aninternal standard. Lipids
were extracted by sequential addition of 300 pl ice-cold methanol
and 1,000 pl methyl-tert-butyl ether (MTBE) containing 0.01% BHT,
incubated at 4 °C for 2 h and phase separated by centrifugation. The
upper organic layer was collected for analysis.

Chromatographic separation was performed using an ACQUITY
Premier UPLC system coupled to a SYNAPT XS mass spectrometer
(Waters Corporation) equipped withan ACQUITY Premier CSH C18 col-
umn (1.7 pm, 2.1x100 mm) at 65 °C. Peak areas for substrates and prod-
uctswere extracted using TargetLynx software (Waters Corporation),
background subtracted and normalized againstinternal standards to
compute substrate hydrolysis percentages and LPL-to-phospholipid
(LPL/phospholipid) ratios. Detailed information regarding the mobile
phase configurations, gradient elution tables and mass spectrometer
gas/ionization parametersis provided in the Supplementary Methods.

Immunoprecipitation label-free proteomics analysis

Sample preparation. RT112 cells with PLA2G2F overexpression were
harvested fromtwo 85% confluent 10-cm plates per sample forimmu-
noprecipitation. The samples were washed twice with ice-cold PBS
and collected in 300 pl RIPA buffer (Thermo Scientific, 89900) with
protease inhibitor (Thermo Scientific A32955). A BCA assay was per-
formed to confirmthe amount of protein collected in each sample, and
the samples were incubated with 10 pl of anti-Flag M2 beads (Sigma,
A2220) per1 mglysate at4 °C overnight. Captured protein complexes
were washed three times with ice-cold RIPA, three times with ice-cold
PBS and once with ddH,0. The pull-down fraction was then incubated
with 100 pl of 1% SDS at 55 °C and 1,000 rpm for 5 min and eluted in a
Spin-X tube, 0.45 pm pore CA membrane (Corning, 8163).

Label-free analysis was conducted onimmunoprecipitated sam-
ples. Eluates (in 1% SDS) underwent disulfide bond reduction with
5mM TCEP at room temperature for 10 min, followed by alkylation
with 25 mMiodoacetamide at room temperature for 20 min. A buffer
clean-up step using SP3 paramagnetic beads was performed before
protease digestion”. Samples were resuspended in 100 mM EPPS pH
8.5 and digested at 37 °C for 6 h with 0.5 pg trypsin. Each sample was
desalted viaStageTip, dried again via vacuum centrifugation and recon-
stituted in 5% acetonitrile and 1% formic acid for liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) processing.

Peptides wereloaded onto a microcapillary columnwith aninner
diameter of 100 um packed in house with -~ 30 cm of HALO Peptide
ES-C18resinand separated using an UltiMate 3000 RSLCnano UHPLC
system connected to an Orbitrap Eclipse Tribrid mass spectrometer
equipped witha FAIMS Pro Interface (Thermo Scientific). The complete
LCsolventgradients and detailed FAIMS/DDA configuration states are
documented in the Supplementary Methods.

Mass spectrawere processed using the FragPipe software pipeline
(v22.0)**and the LFQ-MBR workflow. Spectra were converted to mzML
using MSConvert software® and matched with peptide sequences
with a composite sequence database including the UniProt human
reference proteome, as well as sequences of common contaminants
and the specific PLA2G2F sequence used for re-expression. Proteins
were quantified by the lonQuant module’™ using default parameters
for measurements of MaxLFQ intensities and match between runs.
Protein quantification values were exported for further analysis
in Microsoft Excel and FragPipe-Analyst”. A median-centered nor-
malization strategy was applied, with no imputation performed.

Gene Ontology analysis (cellular component) was conducted within
FragPipe Analyst. Annotations for bona fide ER organellar protein
markers were assembled from proteins that scored with confidence
‘very high’ or ‘high’ confidence inapreviously published HeLa dataset™.
Detailed analysis methods are providedin the Supplementary Methods.

ChIP-qPCR. Two million RT112 cells were fixed with 1% formaldehyde
for 10 min at room temperature and quenched with 0.125 M glycine.
Nucleiwereisolated, resuspended in SDS immunoprecipitation buffer
and sheared using a Covaris E220 Focused-ultrasonicator for 15 min to
yield DNA fragments spanning 200-600 bp. Sheared chromatin was
cleared by centrifugation at 20,000g for 30 min. Chromatin samples
were diluted and incubated with 625 ng of anti-PPARG (Cell Signaling
Technology, 2435S) or normal rabbit IgG control antibody (Cell Signal-
ing Technology, 2729S) overnight at 4 °C, followed by captured binding
to Dynabeads Protein A (Invitrogen, 10001D). Immunoprecipitated
complexes were washed thoroughly through low-salt and high-salt
buffers. Crosslinks were reversed by overnight incubation at 65 °C in
elution buffer containing 1% SDS. Purified DNA fractions were isolated
using the QIAquick PCR PurificationKit (Qiagen) and analyzed by gPCR
with PowerUp SYBR Green Master Mix. Enrichment was calculated
relative to the total input chromatin DNA percentage. Detailed buffer
conditions and primer sequences are provided in the Supplementary
Methods and Supplementary Table 3.

Immunofluorescence. Cells were seeded at an appropriate cell den-
sity and cultured under normal conditions for 24 h on aglass chamber
(NuncLab-Tek IIChamber Slide System, Thermo Scientific, 154534 PK).
After 24 h, the medium was removed, and cells were fixed with 4%
formaldehyde in PBS at room temperature for 10 min. Fixed cells
were washed three times with ice-cold PBS and permeabilized with
ice-cold methanol at 20 °C for 10 min. After washing three times
with PBS, cells were blocked with BK buffer (1% BSA,10% goat serum
(Sigma-Aldrich, G9023) in PBS, passed through a 0.22-pum filter) at
room temperature for 30 min and stained with primary antibody
diluted in BK buffer at 4 °C overnight. Cells were then stained with
secondary antibodies (goat anti-mouse IgG H&L (Alexa Fluor 647),
Abcam, ab150115-1001and goat anti-rabbit IgG H&L (Alexa Fluor 488),
Abcam, ab150077-1001) at1:1,000 in BK buffer at room temperature
for 30 min, followed by staining with DAPI1at 1:10,000 in PBS. The cells
were washed three times with PBS and subjected to the addition of
ProLong Gold Antifade Mountant with DAPI (Invitrogen, P36935) and
covered with a coverslip before confocal microscopy (Leica, SP8). To
quantify colocalization of PLA2G2F, cells were individually masked,
and Pearson’s coefficients were calculated by the Coloc2 pluginin
Fiji (Image)) using the Flag signal and the corresponding cellular
organelle signal within each mask.

The following antibodies were used: monoclonal anti-Flag M2
antibody (Sigma-Aldrich, F1804),1:50; PDI (C81H6) rabbit monoclonal
antibody (Cell Signaling Technology, 3501S),1:100; COX 1V (3E11) rabbit
monoclonal antibody 4850 (Cell Signaling Technology, 4850S),1:400;
and Golgin-97 polyclonal antibody (Invitrogen, PA5-30048),1:200.

Lipidomic analysis
Sample preparation and processing. Five biological replicates of
RT112 cells (comparing PLA2G2F overexpression versus empty vec-
tor control and PLA2G2F knockout versus wild-type controls) were
harvested by scrapinginice-cold PBS containing 0.001% BHT. Aliquots
were reserved for protein normalization via the BCA assay, and the
remaining pellets were snap frozen in liquid nitrogen.

Lipids were extracted from frozen cell pellets homogenized in
300 pl LC-MS-gradeice-cold methanol with 0.01% butylated hydroxyl
toluene using a microtip sonicator. Homogenized cells were trans-
ferred to fresh glass vials with 1,000 pl ice-cold MTBE and 1 pl Avanti
SPLASH LIPIDOMIX Mass Spec Standard (splashmix) and vortexed
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vigorously. Samples were left to incubate overnight at -20 °C. The
next day, 250 pl of LC-MS-grade water was added to the samples and
left to incubate on ice for 20 min, after which they were centrifuged at
1,800 gfor20 minat4 °C. Approximately 600 pl of the lipid-containing
organic upper phase of MTBE was collected into new LC-MS-grade
glass vials and dried down under a gentle stream of nitrogen gas. Dried
samples were reconstituted in100 pl of 2-propanol/acetonitrile/water
(4:3:1, v/v/v). A quality-control sample was prepared by combining
20 pl of each sample to assess the reproducibility of the features
through the LC-MS runs, as well as to gather fragmentation datausing
HDMSE data acquisition for lipid annotation.

LC-MS conditions and analysis. Lipids from samples were separated
and analyzed usingan ACQUITY UPLC system coupled toa SYNAPT XS
(Waters Corporation) ion mobility time-of-flight mass spectrometer
equipped with anelectrospray ionization source that was used in nega-
tiveion mode””. Detailed separation and acquisition parameters are
described in the Supplementary Methods.

Lipidomic LC-MS/MS datawere first converted toavendor-neutral
format (.mzml) via MS Convert®, and postprocessing was achieved
using MS-DIAL (version 5.5.250627)">7°, Data were searched against the
database (Msp20250409095351_NCDK_conventional_converted_dev.)
for lipid identification with the following searching parameters: accu-
rate mass tolerance (MS") set at 0.01 Daand (MS?) set at 0.025 Da. Types
of adduct ion for consideration included [M-H]™ and [M + CH,COO]".
Alignment was based on retention time tolerance of 0.1 min and MS!
tolerance of 0.015 Da. All lipid species were manually inspected with
their MS/MS spectra, and the mass list and the representative MS/
MS spectra for each reported class of lipid species were included in
Supplementary Table S1 and Supplementary Figs. 1and 2. The repre-
sentative spectraare provided to demonstrate class-specific diagnostic
fragmentation patterns (for example, head group ions, neutral losses
and fatty acyl fragments). For statistical analysis, MS-CleanR was ena-
bled to filter the results with a minimum blank ratio set at 0.8 and to
delete ghost peaks, incorrect mass was checked and relative standard
deviation was set at amaximum of 20. Alignment results were further
normalized by signalintensities of Avanti SPLASH LIPIDOMIX, and fill%
was set to a minimum of 0.8.

Statistical analysis was achieved using RStudio with the packages
dplyr, t.test and p.adjust for conducting multiple ¢ tests to acquire
adjusted Pvalues (Bonferroni correction) of group comparisons. The
resulting data were then graphically represented for statistical signifi-
cance using GraphPad Prism 10.

Statistics and reproducibility

Pleaserefertothelegend of the figures for a description of sample sizes
and statistical tests performed. Data were plotted by GraphPad Prism
10 unless otherwise specified. Differences were considered statisti-
cally significant when the Pvalue was less than 0.05 and otherwise not
significant. For parametric tests, normality and equal variance were
assumed but not formally tested. No statistical method was used to
predetermine sample size. No data were excluded from the analyses.
The investigators were not blinded to allocation during experiments
and outcome assessment.

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

Data availability

The LC-MS/MS proteomics and lipidomics raw dataand supplementary
files have been deposited to the ProteomeXchange Consortium viathe
MassIVE partner repository with the accessionnumber MSV000098651
andshared to the PRIDE partner repository with the dataset identifier
PXD066621.Source data are provided with this paper.

Code availability

Code was used in this study on RStudio to calculate the adjusted
Pvalues for the lipidomics dataset. The source code and accompanying
dataset are provided as Supplementary Code.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| PLA2G2F inhibits ferroptosis. a, Signal peptide

is predicted at the N-terminus of PLA2G2F Isoform-1by SignalP 6.0™.

b, AlphaFold 3”77-predicted structure of PLA2G2F Isoform-1.c, PLA2G2F
expression across different cancer and normal tissues® . d, Confirmation of
PLA2G2F knockout in RT112 cells by genomic PCR. e, Overexpression of PLA2G2F
Isoform-2in RT112 cells with endogenous PLA2G2F knocked out. f, Cell viability
incontrol (ctrl) and PLA2G2F-KO RT112 cells, under 12.5 nM RSL3 treatment for
6 hr.g, Normalized lipid ROS intensity at 4 hr following 12.5 nM RSL3 treatment.
h, RT112 cells are resistant towards IKE at 24 hr. 1, Cell viability in RT112 ctrl cells
and PLA2G2F OE cells under RSL3 treatment at 24 hr. j, Normalized lipid

ROS intensity following 12.5 nM RSL3 treatment for 4 hr in control and
PLA2G2F-overexpressing RT112 cells. k,I, Overexpression of indicated signal

peptide mutant forms of PLA2G2F, detected by Western blot (k) or RT-qPCR (I).
m, Signal peptide mutations show no protection towards 12.5 nM RSL3 for

20 hr.n, Overexpression of PLA2G2F in 253 ] cell confirmed with Western blot.
0, PLA2G2F-overexpressing 253 ] cells were more resistant to ferroptosis induced
by 12.5 nM RSL3 for 24 hr. p,q, Active site mutation overexpression detected by
Western blot (p) or RT-qPCR (q). r, H110Q mutation shows no activity inin vitro
enzymatic activity assay. s, Cell viability towards different RSL3 concentration
across the bladder cancer panel. Cells were treated by RSL3 for 24 hr. Lip-1
(liproxstatin-1), 5 pM. Data are presented as mean +s.d., n = 3 (f-j,I-m, o, g-s)
biologically independent samples. Statistical analysis was performed using
two-way ANOVA (g,j,0) or unpaired two-tailed t-test (r).
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Extended Data Fig. 2 | PLA2G2F inhibits ferroptosis through intracellular
mechanisms. a, Western blot of CM of PLA2G2F-overexpressing HT1080 cells.
b, Western blot of CM or lysate of PLA2G2F-overexpressing RT112 cells, with

or without treatment with PNGase F as indicated. c,d, Cell death curve of WT
HT1080 cells cultured in CM from PLA2G2F-overexpressing HT1080 cells. Cells
were treated with 25nM RSL3 (c¢) or 0.5 uM IKE (d). e,f, Cell death curve of WT
HT1080 cells cultured in CM from PLA2G2F-knockout RT112 cells. Cells were
treated with25 nM RSL3 (e) or 0.5 uM IKE (f), and/or 5 uM Lip-1as indicated.

g,h, mCherry™ cell death in the co-culture of mCherry-H2B-labeled HT1080
cells with PLA2G2F-overexpressing HT1080 (g) or RT112 (h) cells at 12 hr. Cells
were treated with 25 nM RSL3, 0.5 pM IKE, and/or Lip-15 pM. i,j, mCherry* (i)
and mCherry” (j) cell death of co-cultured mCherry-H2B labeled HT1080 cells
with PLA2G2F-knockout RT112 cells at 10 hr. Cells were treated with 25 nM
RSL3, 0.5 uMIKE, and/or 5 uM Lip-1. Data are presented as mean + s.d., n = 3 (c-j)
biologicallyindependent samples.
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Extended Data Fig. 3| PLA2G2F inhibits ferroptosis in the ER. a, RT-qPCR on

Isoform-2-specific or signal peptide-specific mMRNA sequencesin WT RT112 cells.

b, MSsignalintensity of signal peptide-specific peptides and common peptides
on FLAG-IP from PLA2G2F-overexpressing RT112 cells. ¢, Co-IP/MS of PLA2G2F-
overexpressing RT112 cells shows enriched ER proteins. d, Gene Ontology
(cellular component) analysis of Co-IP/MS of PLA2G2F-overexpressing RT112

cells shows enriched ER proteins. e, Representative super-resolution microscopy
showed colocalization of GFP fused with the PLA2G2F signal peptide with ER
membrane marker Sec61f3-mCherry from n = 2 independent experiments. Data
are presented as mean +s.d., n =3 (a-b) biologically independent samples.
Statistical analysis was performed using unpaired two-tailed t-test with adjusted
p-value (Benjamini-Hochberg correction) (c).
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Extended Data Fig. 4| PPARG suppresses ferroptosis in a PLA2G2F-mediated
manner in bladder cancer cells. a, Positive correlation of PPARG expression

with PLA2G2F expression in bladder cancer cell lines. b, ChIP databases of PPARG
binding to PLA2G2F, varying between different cell lines. ¢, Effect of PPARG
agonist on ferroptosis-related genes (48-hr agonist treatment). d, Cell viability of
control and PLA2G2F-KO RT112 cells after RSL3 treatment for 24 hr (48-hr agonist
treatment). e,f, Cell death of RT112 cells with PLA2G2F-isoform 2 overexpressed.
Cells were pretreated with rosiglitazone (e) or GW1929 (f) for 48 hr and then

subjected to RSL3 for 24 hr. g, RT-qPCR of PPARG-knockdown RT112 cells treated
with rosiglitazone for 48 hr. h, Cell death of RT112 cells with PPARG knockdown
and with 20 pM rosiglitazone (48 hr pretreatment) at 14 hr. GW1929,10 uM;
rosiglitazone (rosi), 20 pM; RSL3,12.5 nM; Lip-1 (liproxstatin-1), 5 uM. Data are
presented as mean +SD, n = 3 (c-h) biologically independent samples. Statistical
analysis was performed using two-way ANOVA (c-f,h) or unpaired two-tailed
t-test (g).
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Extended Data Fig. 5| Lipidomic analysis of the effect of PLA2G2F on cellular showing Pland ether Pl species (green), and PG and ether PG species (magenta).
lipidome. a, Number of lipids identified and quantified as statistically significant ~ h, Western blot showing PLA2G2F overexpression in control or MBOAT1-KO T47D
according to their lipid species in PLA2G2F OE vs ctrl RT112 cells (upper panel) cells fromn =2independent experiments. Data are presented asmean+SD,n=35
and KO vs WT RT112 cells (lower panel). b, Lipidomic intensity of identified FAs (b) biologically independent samples or median + SEy.q:. (d) calculated as the
in PLA2G2F KO vs ctrl cells. ¢, Volcano plot of lipidomic analysis PLA2G2F OE median abundance of detected lysophospholipid species divided by the median
vs control RT112 cells, showing PE and ether PE species. d, Normalized LPL fold abundance of corresponding phospholipid species for each condition. Statistical
change from the lipidomic analysis of PLA2G2F OE vs control group. e, Top hits analysis was performed using unpaired two-tailed t-test with adjusted p-value
of LION enrichment analysis of lipidomic analysis of PLA2G2F KO vs WT cells. (Bonferroni correction) (c,g). Note that due to the isobaric nature of plasmanyl
f, Percentage of significant PLs with MUFA or PUFA tails among each lipid species (0-) and plasmenyl (P-) species, ether-linked lipids are annotated based on MS-
in PLA2G2F OE vs ctrl RT112 cells (upper panel) and KO vs WT RT112 cells (lower DIAL output; however, theses assignments remain structurally ambiguous at the
panel).g, Volcano plot of lipidomic analysis PLA2G2F OE vs control RT112 cells, MS1and MS2 levels.
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