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SUMMARY

Phospholipids containing a single polyunsaturated fatty acyl tail (PL-PUFA;s) are considered the driving
force behind ferroptosis, whereas phospholipids with diacyl-PUFA tails (PL-PUFA.s) have been rarely char-
acterized. Dietary lipids modulate ferroptosis, but the mechanisms governing lipid metabolism and ferropto-
sis sensitivity are not well understood. Our research revealed a significant accumulation of diacyl-PUFA
phosphatidylcholines (PC-PUFA,s) following fatty acid or phospholipid treatments, correlating with cancer
cell sensitivity to ferroptosis. Depletion of PC-PUFA,s occurred in aging and Huntington’s disease brain tis-
sue, linking it to ferroptosis. Notably, PC-PUFA,s interacted with the mitochondrial electron transport chain,
generating reactive oxygen species (ROS) for initiating lipid peroxidation. Mitochondria-targeted antioxi-
dants protected cells from PC-PUFA»-induced mitochondrial ROS (mtROS), lipid peroxidation, and cell
death. These findings reveal a critical role for PC-PUFA,s in controlling mitochondria homeostasis and
ferroptosis in various contexts and explain the ferroptosis-modulating mechanisms of free fatty acids. PC-

PUFA,s may serve as diagnostic and therapeutic targets for modulating ferroptosis.

INTRODUCTION

Phospholipids (PLs) are the basic building blocks of lipid bilayers
that constitute cellular membranes. Membrane PLs are classified
by their head groups and include phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), phosphatidylserine (PS), phosphati-
dylinositol (P1), and phosphatidic acid (PA), among which PC is
the most abundant species in mammalian cell membranes.'+
For most PLs, the sn1 position of glycerol backbone often con-
tains a saturated fatty acyl (SFA) tail, such as palmitic acid
(C16:0) or stearic acid (C18:0), whereas the sn2 position has a
greater diversity, containing either a SFA, a monounsaturated
fatty acyl (MUFA), or a polyunsaturated fatty acyl (PUFA) tail.
PLs with PUFA tails in both sn1 and sn2 positions (PL-PUFA,s; di-
acyl-PUFA PLs) are uncommon lipid species.® Although little is
known about the functions of PL-PUFAss, a few studies found
them to be physiologically relevant. Diacyl-PUFA diglyceride con-
taining arachidonoyl tails (C20:4) was first discovered by Siegel
et al. in 1981 from rat neutrophils treated with arachidonic acid

(ARA).* PC(20:4, 20:4) was then identified to be a unique species
that rapidly increased after treatment with ARA.>° Diacyl-PUFA
PC was found to be most potent in reducing mammalian cell pro-
liferation in comparison with other mixed-acyl PC species.” The
predominant model of PL-PUFA, function is as a transiently
increased carrier of PUFAs that serve as a mobile source of
PUFAs for transfer to the sn2 position of other PLs.®

Ferroptosis is an iron-dependent non-apoptotic form of cell
death resulting from extensive lipid peroxidation that over-
whelms lipid protection mechanisms. PLs containing PUFA tails
are particularly susceptible to peroxidation at bis-allylic carbons.
Long-chain w-6 and w-3 PUFAs, such as ARA (C20:4) and doco-
sahexaenoic acid (DHA; C22:6), which contain multiple double
bonds, are particularly able to facilitate ferroptosis.®°

Since mammalian cells are not able to synthesize long-
chain PUFAs, dietary PUFAs serve as important sources of intra-
cellular PUFA-containing lipids.'® Dietary supplementation with
free PUFAs sensitizes cells to ferroptosis, whereas supplementa-
tion with  MUFAs inhibits ferroptosis through an unknown
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mechanism."" PUFAs need to be activated by acyl-coenzyme A
(acyl-CoA) synthetase long-chain family member 4 (ACSL4) and
incorporated into PLs by lysophospholipid (lysoPL) acyltrans-
ferases (e.g., lysophophatidylcholine acyltransferase 3; LPCAT3)
to drive ferroptosis.'?'® PL-PUFAs undergo peroxidation by labile
iron and iron-containing enzymes to produce PL hydroperoxides
(PL-PUFA-OOHSs) that spread quickly inmembrane through oxida-
tive chain reaction.' Lipid repair mechanisms suppressing ferrop-
tosis include the glutathione peroxidase 4 (GPX4) pathway that
reduces PL-PUFA-OOH to PL alcohol (PL-PUFA-OH) and the
phospholipase A2 pathway that cleaves oxidized PUFA tails
from PL-PUFA-OOHs to generate lysoPLs.'® In addition, MUFAs
are potent inhibitors of ferroptosis, but the mechanism by which
they protect from ferroptosis is unknown.

Due to the higher abundance of mixed-acyl PLs in mamma-
lian cells, PL-PUFA4s have long been considered the general
reactant of lipid peroxidation and driver of ferroptosis. How-
ever, we found that the ability of the GTP cyclohydrolase-1
(GCH1)/tetrahydrobipterin (BH,4) axis to protect cells from fer-
roptosis was correlated with peroxidation and cleavage of spe-
cific PL-PUFA, species.'® GCH1 overexpression did not pre-
vent the oxidation of most PL-PUFA;s, and yet exerted an
overall protective effect against ferroptosis. This suggested
that PL-PUFAgs rather than PL-PUFA;s play a key role in
executing ferroptosis. However, the general role of PLs with
two PUFA tails in cell death and the specific mechanism by
which they might function in ferroptosis is enigmatic.

Different subcellular organelles play distinct roles in the execu-
tion of ferroptosis. Endoplasmic reticulum (ER) has been shown
to be a key site of lipid peroxidation in response to treatment with
three classes of ferroptosis inducers, RSL3, FIN56, and FINO,."”
Upon cysteine starvation or treatment with system x.~ inhibitors
such as erastin or IKE, however, mitochondria play a role in initi-
ating and amplifying ferroptosis, although they are not strictly
required for cell death.'®"® The radical trapping lipid peroxida-
tion and ferroptosis inhibitor, ferrostatin-1 (Fer-1), accumulates
in mitochondria, lysosomes, and ER to suppress lipid peroxida-
tion; localization in mitochondria protects against ferroptosis
induced by cysteine starvation or system x; inhibitors, and
ER localization protects against all classes of small molecule fer-
roptosis inducers.?® Mitochondria thus play an important role in
promoting ferroptosis through the generation of mitochondrial
reactive oxygen species (ROS), labile iron, and perhaps more
generally through the disruption of mitochondrial-driven meta-
bolic homeostasis.”’*> The mitochondrial electron transport
chain (ETC) is a key part of cellular energy-producing machinery
and the major site of ROS production that drives oxidative stress
in cells.?® In addition, mitochondria-targeted antioxidants pre-
vent ferroptosis induced by system x.~ inhibition or GPX4 inhibi-
tion.?* ROS produced by ETC complex I, but not complex lll, has
been shown to induce lipid peroxidation in mitochondria that
leads to ferroptosis.”> Hence, mitochondria are key players in
ferroptosis in response to cysteine withdrawal, but the mecha-
nism by which ferroptosis is triggered in mitochondria is
not known.

Here, we identified PC-PUFA, as a specific lipid class that
drives ferroptosis through the initiation of ROS production in
mitochondria and lipid peroxidation in the ER. We found that
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PC-PUFA; rapidly accumulated upon free PUFA treatment, sup-
porting their role in regulating membrane PUFA content and fer-
roptosis sensitivity. MUFA selectively reduced PC-PUFA; syn-
thesis that reversed the effect of free PUFAs. We found that
PC-PUFA,s specifically interact with the mitochondrial ETC,
where they induce the production of ROS that further induces
massive lipid peroxidation in the ER. Mitochondria-targeted an-
tioxidants were sufficient to block ferroptosis in response to PC-
PUFA, treatment. Hence, these results illuminate a critical and
unstudied lipid class that acts as a key driver of ferroptosis
and help shed light on four longstanding aspects of ferropto-
sis—how mitochondria promote ferroptosis, how free PUFAs
promote ferroptosis, why MUFAs suppress ferroptosis, and
how ACSL4 is involved in fatty acid metabolism.

RESULTS

PC-PUFA,s induce ferroptosis
To investigate the mechanism of PL-regulated ferroptosis, we
supplemented multiple cancer cell lines in culture with different
PL species and measured the impact of each on cell viability.
We observed a differential reduction in cell viability caused by
PL species that differ in head groups and fatty acyl tails
(Figures 1A and S1A). Phosphatidylcholines (PCs) had the high-
est potency and specificity for inducing ferroptosis compared
with phosphatidylethanolamines (PEs), phosphatidylglycerols
(PGs), and phosphatidylserines (PSs), indicated by a complete
rescue in the presence of the ferroptosis inhibitor Fer-1. In com-
parison with PCs containing one PUFA tail (PC-PUFA;s), PCs
with two PUFA tails (PC-PUFA,s) exhibited much higher potency
for ferroptosis that could not be simply explained by the pres-
ence of two equivalents of PUFA (Figure 1C). Among the
numerous cancer cell lines tested, the ovarian carcinoma cell
line IGROV-1, the lung carcinoma cell line Calu-1, and the fibro-
sarcoma cell line HT-1080 were particularly sensitive to PC-
PUFA,s treatment and were selected for additional experiments.
To investigate whether other forms of cell death were involved
in the lethal effects of PLs, we co-treated cells with PC-PUFA,s
and different cell death inhibitors, including the apoptosis
inhibitor Z-VAD-FMK, the necroptosis inhibitor necrostatin-1s
(Nec-1s), the autophagy inhibitor bafilomycin A1 (Baf-A1), and
ferroptosis inhibitors Fer-1 and deferoxamine (DFO); only the fer-
roptosis inhibitors prevented PC-PUFA,-induced cell death
(Figures 1B and S1B). In addition, PC-PUFA, treatment did not
initiate caspase-3 cleavage or mixed lineage kinase domain-
like protein (MLKL) phosphorylation, which are signatures of
apoptosis and necroptosis, respectively (Figure S1E). In
contrast, IGROV-1 cells treated with PC-PUFA,s displayed a sig-
nificant increase of the ferroptosis marker, transferrin receptor-1
(TfR1) translocation to the plasma membrane, which was revers-
ible upon Fer-1 co-treatment (Figures 1D and S1C).?° PC-PUFA,
treatment also increased lipid peroxide accumulation in cells,
measured by the fluorescent probe C11-BODIPY, that exhibited
a shifted emission spectrum upon oxidation by lipid peroxides
(Figures 1E and S1D). The lipid peroxidation induced by PC-
PUFA,s was inhibited by co-treatment with Fer-1. Moreover,
co-treatment of PC-PUFA,s synergized with all tested ferropto-
sis inducers, including RSL3, IKE, FIN56, cysteine deprivation,
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Figure 1. PC-PUFA,s induce ferroptosis

(A) Viability of A549 cells (left) and IGROV-1 cells (right) treated with 50 M phospholipids with different head groups and fatty acyl tails with or without 10 uM
ferrostatin-1 (Fer-1) for 24 h. Data plotted as mean + SD of n = 3 (left) and n = 2 (right) technical replicates.

(B) Viability of IGROV-1 cells co-treated with 50 uM PC(22:6, 22:6) and 10 uM Fer-1, 100 uM deferoxamine (DFO), 20 uM Z-VAD-FMK, 20 uM necrostatin-1s
(Nec-1s), or 100 nM bafilomycin A1 (Baf-A1) for 24 h. Data plotted as mean + SD of n = 3 technical replicates.

(legend continued on next page)
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and coenzyme Q4o (CoQ) deprivation, except for FINO,, which
may oxidize extracellular PC-PUFA, before cellular uptake
(Figures 1F and S1F).?” Together, these data support the notion
that PL-PUFA,s, specifically PC-PUFA,s, act as potent ferropto-
sis-inducing PLs.

To further understand the physiological role of PC-PUFA; in
ferroptosis, we investigated the basal level of PC-PUFA; in fer-
roptosis-sensitive and ferroptosis-resistant cancer cell lines.
We collected 20 different cell lines and measured their sensitivity
to RSL3. Ferroptosis-resistant cell lines showed a separation
from ferroptosis-sensitive cell lines, reflected by >100-fold in-
creases in the half-maximal inhibitory concentration (ICsg) of
RSL3 (Figure 1G). We measured the basal levels of diacyl-
PUFA and monoacyl-PUFA PLs using liquid chromatography-
mass spectrometry (LC-MS)-based targeted lipidomics in these
cell lines cultured in normal media. Without ferroptosis induction,
we detected significantly higher abundance of PC-PUFA,s in
sensitive cell lines compared with resistant cell lines
(Figures 1H and 1l). The abundance of monoacyl-PUFA-PL
abundance was not significantly different among these two
groups (Figure S1G). Despite the difference in tissue-dependent
expression of other ferroptosis regulators, the abundance of PC-
PUFA,s strongly correlated with cell sensitivity to ferroptosis.

We further examined PC-PUFA, as a diagnostic marker in
aging and ferroptosis-related diseases. By reanalyzing published
lipidomics dataset (NMDR: PR001047; https://doi.org/10.21228/
M8C68D) from a study of aged mouse brain, we selected all anno-
tated PL-PUFA species and compared their abundance between
3-week-old (n = 16) and 59-week-old mice (n = 16).*® We found
a strong depletion of diacyl-PUFA-PLs in the hippocampus of
59-week-old mice, however, the changes in monoacyl-PUFA-
PLs were not consistent (Figure S1l). In addition, lysoPL species
increased in 59-week-old mice compared with 3-week-old mice,
suggesting oxidation of PL-PUFAs, followed by cleavage of
PUFA tails by phospholipases during ferroptosis (Figure S1H).°

Ferroptosis has been implicated in aging-related neurodegen-
erative diseases.’° In particular, hippocampus, a major brain
structure involved in learning and memory, has been shown to
selectively accumulate iron during aging that increases the risk
of ferroptosis.®’ Our analysis suggests that PC-PUFA, are
more sensitive to oxidation and may contribute to ferroptosis
propagation and age-related diseases.

Furthermore, we performed targeted lipidomics on caudate
nucleus tissue from Huntington’s disease (HD) patients (n = 21)

Cell

and age-matched control patients (n = 25) (Table S1). The HD
cases were selected based on the neuropathology of the brain
during both gross and microscopic examinations. The brain tis-
sues of control patients were unaffected. We detected a signifi-
cant depletion of PL-PUFAs in HD tissue compared with normal
brain tissue, suggesting lipid dysregulation and oxidation associ-
ated with HD neuropathology (Figure S1J). Overall, we found
strong relevance of diacyl-PUFA PLs for ferroptosis during
both physiological and pathological conditions, which suggests
the potential of PL-PUFAs as ferroptosis biomarkers.

Dietary PC-PUFA,s are remodeled into the cell lipidome
To investigate whether exogenous PC-PUFAs, such as when
consumed as dietary PLs, were incorporated into cells, we ex-
tracted lipids from IGROV-1 cells treated with sublethal amount
of PC-PUFA, and utilized LC-MS-based lipidomics to detect the
accumulation of lipids. Cells treated with PL-PUFA; such as
PC(18:0, 20:4) had increased lysoPC(18:0), which was likely pro-
duced by cleavage of the PUFA tail at the sn2 position, whereas
no significant accumulation of the original PC(18:0, 20:4) was
observed (Figure 2A). In contrast, exogenous diacyl-PUFA PLs
including PC, PS, and PG were maintained relatively intact in
cells (Figures 2A and S2B). We observed a less accumulation
of lysoPC(20:4) resulting from PC(20:4, 20:4) treatment than
PC(18:0, 20:4) treatment, which could be due to either lower sus-
ceptibility of PC(20:4, 20:4) to cleavage by phospholipase A2s or
rapid recycling of some lysoPC(20:4) to other lipid species.
Treatment with phospholipase A2 inhibitor sensitized IGROV-1
cells to PC-PUFAs, highlighting the rapid remodeling of PC-
PUFA,s, but not lower reactivity with phospholipase A2s
that accounted for lysoPC depletion (Figure 2B). We did not
detect conversion to PE species after neither PC-PUFA; nor
PC-PUFA; treatment (Figure S2A).

To elucidate the remodeling of PC-PUFA,s, we designed PLs
deuterated in the fatty acyl tails, but not at the bis-allylic posi-
tions: these deuterium labels were thus for tracking purposes,
but not inhibiting lipid peroxidation (Figure 2C).'” Cells treated
with a deuterated PC-PUFA,, [d22]-PC(20:4, 20:4), exhibited
significant accumulation of [d22]-PC(20:4, 20:4) species and
greater incorporation of deuterium-labeled PUFAs in other lipid
classes, including PEs and DAGs, in comparison with [d11]-
PC(18:0, 20:4)-treated cells (Figure 2D). Of note, [d11]-PC(18:0,
20:4) treatment stimulated metabolism of non-labeled PC(18:0,
20:4) and lysoPC(18:0), which was, however, still not enough to

(C) IC5p of PC-PUFA, with two C22:6 or C20:4 tails vs. PC-PUFA, with one C18:0 tail and one of the C22:6 or C20:4 PUFA tail in multiple cancer cell lines. Each
color represents a cell line.

(D) IGROV-1 cells treated with vehicle, 10 uM Fer-1 alone, or 100 uM PC(22:6, 22:6) with or without 10 uM Fer-1 for 4 h were stained with TfR1 antibody.
Immunofluorescent images showing nucleus DAPI and TfR1 stain. Scale bars, 20 pm. The relative mean fluorescence intensity of TfR1 membrane staining
compared with vehicle is plotted as mean + SD. Each dot represents a cell. n = 50-164 for all groups.

(E) Lipid peroxidation measured by C11-BODIPY®8/%%" in IGROV-1 cells treated with 100 uM PC(22:6, 22:6) with or without 20 uM ferrostatin-1 for 4 h. The relative
mean fluorescence intensity of oxidized C11-BODIPY®8"/*®" compared with vehicle is plotted as mean + SD of n = 3 biological replicates.

(F) HT-1080 cells were co-treated with 12.5 uM PC(22:6, 22:6) and ferroptosis inducers (RSL3 15.6 nM, IKE 0.63 uM, FIN56 10 uM, media cystine concentration
6.25 uM, CoQ1o complete depletion) for 24 h. Data plotted as mean + SD of n = 2 technical replicates.

(G) RSL3 ICsq in 20 cancer cell lines. Data plotted as mean + SD of n = 2 biological replicates.

(H) The signal intensity of PCs normalized to protein concentration of each cell sample is plotted as mean + SD of n = 3 biological replicates.

(l) Statistical analysis of PC abundances between ferroptosis-sensitive and resistant cells. Data plotted as mean + SD of n = 10 for each group. One-way and two-
way ANOVA: *p < 0.03, **p < 0.002, ***p < 0.0002, ****p < 0.0001.

See also Figure S1 and Table S1.
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Figure 2. Dietary PC-PUFA;s are remodeled into the cell lipidome

(A) A498 cells were treated with 25 pM PC(18:0, 20:4) or PC(20:4, 20:4) for 6 h. The relative abundance of PCs and lysoPCs compared with untreated group is
plotted as mean + SD of n = 3 biological replicates.

(B) Viability of IGROV-1 cells co-treated with 6.25 uM PC(22:6, 22:6) and 30 pM PLA2i, ONO-RS-082 for 24 h. Data plotted as mean + SD of n = 2 technical
replicates.

(C) Structures of deuterated PCs.

(D) IGROV-1 cells were treated with 25 uM [d11]-PC(18:0, 20:4) or [d22]-PC(20:4, 20:4) for 6 h. The relative abundance of original and remodeled deuterated lipid
species compared with [d11]-PC(18:0, 20:4)-treated group is plotted as mean + SD of n = 4 biological replicates. Two-way ANOVA: *p < 0.03, *p < 0.002,
***p < 0.0002, ***p < 0.0001.

See also Figure S2.

compete with [d22]-PC(20:4, 20:4) potency (Figures S2C and induced by PC-PUFA; and RSL3 but only partially protected
S2D). Indeed, these results suggest that PC-PUFA,s were incor-  from cell death induced by PC-PUFA, (Figures 3B and 3C).
porated into the cell and sculpted a pro-ferroptosis lipid profile. ~ When cells were co-treated with both DHA (C22:6) and oleic
acid, the ferroptosis-sensitizing effect of DHA was compromised

PC-PUFA; is involved in dietary fatty acid remodeling by oleic acid (Figure 3B).
From the lipidomic analysis of PL remodeling, we observed To investigate the mechanism by which dietary free fatty acids
an increase in free PUFAs in PC-PUFA,-treated cells. We hy- PUFA and MUFA modulate ferroptosis, we conducted targeted
pothesized that there might be an equilibrium between free lipidomic analysis on IGROV-1 cells treated with PUFA and
PUFAs and PC-PUFA,s. Free PUFAs were less potent than MUFA. When cells were treated with PUFA alone, we observed
PC-PUFA,s in inducing ferroptosis, but they sensitized cells to  a significant increase of PC-PUFA,s in both DHA-treated and
RSL3-induced ferroptosis (Figures 3A and 3B). Co-treatment ARA-treated cells (Figures 3D and S3A). PC-PUFA,s containing
with free PUFAs had a larger synergistic effect with PC- ARA (C20:4) tails—PC(20:4, 20:4) and PC(20:4, 22:6)—experi-
PUFA;s than PC-PUFA,s in Calu-1 cells (Figure 3C). These re- enced fast cleavage, reflected by the further accumulation
sults suggest that free PUFA and PC-PUFA; may serve as pre- when co-treated with phospholipase A2 inhibitor ONO-RS-082.
cursors to form PC-PUFA; that initiates ferroptosis. PC-PUFA;, containing DHA (22:6) tails—PC(22:6, 22:6)—was
MUFA incorporation has been shown to protect cells from fer-  relatively stable in cells (Figure S3A). This can be rationalized
roptosis.”" Oleic acid (C18:1) treatment fully prevented celldeath  as exogenous PC(22:6, 22:6) being more potent for inducing

Cell 187, 1-14, February 29, 2024 5




Please cite this article in press as: Qiu et al., Phospholipids with two polyunsaturated fatty acyl tails promote ferroptosis, Cell (2024), https://
doi.org/10.1016/j.cell.2024.01.030

¢ CelPress Cell

A Dietary lipids B RSL3 co-treatment Cc PL co-treatment
* Aokl ns
(| 1 (| 150 - *
100 e -Fer1 Hrr n e Vehicle 150 [—|m ns ¢ Vehicle
= +Fer-1 " ,z‘ oy . z:-m ) o ,ﬂ] N 1 « DHA
< ® b A eic acl X 7 4+ Oleic acid
£ 5. = v DHA+oleicacd 2 i
8 s 8 —
> > 504 > 504
0- 0- 0
) )] @
Q\?" '1«® .\(}e’ \'}‘) @O '1«6 (JO \c}
& A &
&L &L &L
D PUFA remodeling E MUFA remodeling
) Original FA Remodeled lipids g Original FA Remodeled lipids
7 — Treatment: ok . . ns
> r Il Untreated [ o L Ins Treatment
3 0 BN DHA 2, M 1 ™ EE Untreated
£ R £ Bl Oleic acid
2 2 BN DHA
° o7 3 27 B DHA + oleic acid
14 4
0- 0-
o\ ) () D o AN ) ) )
rﬂ}’ {{)}P ({J/@ {ﬁ,}’ ({J}’ & q?/@ rﬂ/‘b rﬂ/@
A\ A Y
<& G'Q. cb'.g‘ q'}" GP“ <& & qu‘ QS‘Q‘
N A NG & NS N
@) ) QO @) O O
Q R < Q < Q
F ACSL4 mRNA G
ACSLAKD 15 Vehicle ~ PC(22:6, 22:6) PC(18:0, 22:6)
150
Sk ns ok = Concentration (uM): 100 50 25 100
1 [ 1 =2 70 kDa —
e SNT 210 [ == —— —— - —]Acsl4
< 100 = siACSL4 2
£ 5. 25K0a-[ M — - o | GPX4
[} o
> 50 k3 55 kDa—| [ —— -| Alpha-Tubulin
0.0
& ™
0- s &
S\ ) ¥ & N3
< < O 2
%Qfﬂ’ q;co:il’ Qé'(\\ § %‘Yg)
N 3 2 100 kDa—
P = Jacsie

55 kDa- | s s Alpha-Tubulin

Figure 3. PC-PUFA; is involved in dietary fatty acid remodeling

(A) Viability of IGROV-1 cells treated with 50 uM DHA or PC(22:6, 22:6) with or without 10 uM Fer-1 for 24 h. Data plotted as mean + SD of n = 2 technical replicates.
(B) Viability of IGROV-1 cells pre-treated with 25 uM DHA, or 50 pM oleic acid, or both DHA and oleic acid for 24 h and then treated with 31.3 nM RSL3 for 24 h.
Data plotted as mean + SD of n = 4 technical replicates.

(C) Viability of Calu-1 cells pre-treated with 25 uM DHA, or 50 uM oleic acid for 24 h and then treated with 25 uM PC for 24 h. Data plotted as mean + SD of n =2
technical replicates.

(D) IGROV-1 cells were treated with 25 pM DHA for 6 h. The relative abundance of lipids compared with untreated group is plotted as mean + SD of n = 3 biological
replicates.

(E) IGROV-1 cells were treated with 25 nM DHA, or 50 uM oleic acid, or both DHA and oleic acid for 6 h. The relative abundance of lipids compared with untreated
group is plotted as mean = SD of n = 3 biological replicates.

(F) Calu-1 cells were knocked down using pooled siRNA containing 4 different sequences targeting ACSL4 and then treated with 50 uM PCs for 24 h. Viability is
compared with vehicle-treated group and is plotted as mean + SD of n = 4 technical replicates. The knockdown efficiency was confirmed by qPCR and
western blot.

(G) IGROV-1 cells were treated with PCs or vehicle for 5 h and whole-cell lysate was analyzed for western blot detection of GPX4 and ACSL4. Two-way ANOVA:
*p < 0.03, *p < 0.002, **p < 0.0002, ***p < 0.0001.

See also Figure S3.
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ferroptosis than PC(20:4, 20:4). In contrast, PE-PUFA species
were not significantly changed after PUFA treatment (Fig-
ure S3A). These results confirmed the enrichment of PC-
PUFA,s upon free PUFA supplementation and highlighted their
relevance with ferroptosis triggered by free PUFAs.

Next, we analyzed cells co-treated with MUFA and PUFA.
Oleic acid slightly reduces PC(22:6, 22:6) levels when treated
alone but more significantly when co-treated with DHA. This is
consistent with cell viability data showing that oleic acid can miti-
gate the ferroptosis-sensitizing effect of DHA. PC-PUFA;—
PC(18:0, 22:6)—was not significantly changed by dietary fatty
acids. Both dietary fatty acids were detected in treated cells,
suggesting effective intracellular fatty acid uptake (Figures 3D
and 3E). In summary, we confirmed that PC-PUFA, synthesis
is required for the sensitizing effect of dietary PUFAs, and selec-
tive blocking of PC-PUFA; synthesis is likely a part of the ferrop-
tosis-inhibitory effect of MUFAs such as oleic acid.

ACSL4 catalyzes the ligation of acyl-CoA to long-chain
PUFAs, especially ARA and adrenic acid, which facilitates their
incorporation into PLs.'® Knockdown of ACSL4 by a pool of
small interfering RNAs (siRNAs) or by CRISPR partially protected
cells from PC-PUFA4s but did not affect the lethality of PC-
PUFAss (Figures 3F and S3B). In addition, PC-PUFA, treatment
did not affect the protein levels of ferroptosis regulators GPX4
and ACSL4 (Figure 3G). These data further support that PC-
PUFA,s readily induce ferroptosis, downstream of lipid meta-
bolism by ACSL4. Thus, PC-PUFA,s are downstream of neces-
sary PUFA incorporation, implicating PC-PUFA,s as proximal
mediators of ferroptotic cell death.

PL-PUFA,s exhibit interaction with mitochondrial ETC
To decipher the effectors that mediate PL-PUFA,-induced fer-
roptosis, we conducted affinity pull-down assay combined with
mass spectrometry (MS) to identify PL-bound protein com-
plexes. We designed PLs with biotinylated head groups that
were subjected to pull-downs with streptavidin-coated beads
to isolate specifically bound proteins (Figure 4A). A whole-cell
lysate from HT-1080 cells was incubated with biotinylated PL-
PUFA,, PL-PUFA,, or PL-SFA,, while negative control groups
were incubated with vehicle and biotin. Target proteins were
eluted and analyzed by MS-based proteomics for peptide iden-
tification. This workflow identified roughly 3,500 proteins from all
samples, and a principal components analysis revealed a clear
separation of biotin-PL(22:6; 22:6) group from all other treatment
groups and a tight clustering among biological triplicates (Fig-
ure 4B). The differentiation between proteins associated with
biotinylated PL(18:0; 22:6) and PL(16:0; 16:0) was small, further-
more, the negative control groups were well-separated from all
PL groups.

A heatmap analysis revealed a cluster of proteins enriched in
the biotin-PL(22:6; 22:6) group (Figures S4A and S4B). A volcano
plot analysis comparing biotin-PL-PUFA, and biotin-PL-PUFA
revealed that mitochondrial ETC complex | proteins were specif-
ically enriched in pull-downs using biotin-PL(22:6; 22:6) (Fig-
ure 4C). We detected ETC complex proteins in elution samples
by western blotting and found that complex | proteins were pre-
sentonly in biotin-PL(22:6, 22:6)-treated samples, whereas com-
plex lll and IV were also present in biotin-PL(18:0, 22:6)-treated

¢ CellP’ress

samples (Figure 4D). These data suggest that mitochondrial
complex | is particularly involved in the mechanism of action of
PL-PUFA,.

To further evaluate the connections of the identified genes
potentially involved in PL-PUFA, mechanism of action, we per-
formed gene set enrichment analysis (GSEA) between PL-
PUFA, and PL-PUFA;. GSEA evaluates genes in the context of
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
and highlights the ones with significant p value and fold change.
Top pathways involved the key genes that were either most
significantly enriched or depleted in the PL-PUFA, group. We
found two pathways; non-alcoholic fatty liver disease and chem-
ical carcinogenesis-ROS pathway was enriched in the PL-PUFA,
group, whereas the peroxisome pathway was enriched in the PL-
PUFA; group (Figure S4C). A part of the detailed view of the
chemical carcinogenesis-ROS pathway shows that complex |
is the most enriched protein complex in the PL-PUFA, group.
Mitochondrial oxidative phosphorylation is a major source of
ROS, particularly produced from complex | and Ill. The chemical
carcinogenesis-ROS pathway is also frequently identified along
with other ferroptosis-related pathways in pathological con-
texts.® These data highlight that PL-PUFA, involves in the func-
tion and assembly of mitochondrial ETC.

We further investigated the distribution of exogenous
PL-PUFA,s in different subcellular organelles. We treated
IGROV-1 cells with biotinylated PL(22:6, 22:6) or PL(18:0, 22:6)
and stained cells with fluorophore-conjugated streptavidin for
PL detection. To determine the structures of subcellular organ-
elles, cells were co-stained with an ER marker anti-calnexin anti-
body, a mitochondrial marker anti-cytochrome c oxidase IV
(COX V) antibody, a Golgi marker anti-giantin antibody, and a
lysosome marker anti-lysosomal associated membrane protein
1 (LAMP1) antibody. We observed a prominent accumulation
of biotin-PL(22:6, 22:6) in the mitochondria and the ER, but no
accumulation in the Golgi or lysosomes (Figure 4E). Negative
controls using vehicle or biotin-treated cells had no staining
with streptavidin-cy5, confirming the specificity of PL labeling
(Figure S4D).

In addition, we treated HT-1080 cells with sublethal amount of
PC(22:6, 22:6) and isolated mitochondria from the rest of the cell
compartments. Lipids in the mitochondria and other cellular
structures were extracted and analyzed using LC-MS. We found
PC(22:6, 22:6) in both mitochondria and the rest of cellular struc-
tures, and the increase of PC(22:6, 22:6) upon treatment was
higher in the mitochondria (Figure S4E). Mitochondria appear
to be an important site for PC-PUFA, accumulation.

PC-PUFA,s induce mitochondrial stress

To investigate mitochondrial stress associated with PL-PUFA,
accumulation, we evaluated mitochondrial function from three
different angles: mitochondrial ROS (mtROS), mitochondrial
membrane potential, and mitochondrial oxidative phosphoryla-
tion. PC-PUFA,s induced an increase in mitochondrial superox-
ide production, measured by fluorescent probe MitoSOX (Fig-
ure 5A). ROS produced by the mitochondrial ETC complex |
has been reported to promote ferroptosis.?*° The accumulation
of excess PC-PUFA,s may disrupt ETC complex | structure and
affect electron flow, resulting in increased ROS production.
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Figure 4. PL-PUFA,s exhibit interaction with mitochondrial electron transport chain

(A) Structures of biotinylated phospholipids.

(B) HT-1080 whole-cell lysate was incubated with biotinylated phospholipids, vehicle, or biotin, and phospholipid-bound proteins were identified by MS-based
proteomics. 2D plot of principle component analysis (PCA) of proteomic data of all groups.

(C) Volcano plot of genes differentially enriched in PL(22:6, 22:6) vs. PL(18:0, 22:6) groups. Data cutoff at fold change > 4 and false discovery rate (FDR) adjusted
p < 0.05. Significantly enriched mitochondrial complex | genes are labeled.

(D) Western blot analysis of mitochondrial complex proteins in pull-down samples. Empty lanes are cut and shown by the dotted line.

(E) HT-1080 cells were treated with 50 uM biotinylated PL(22:6, 22:6) or PL(18:0, 22:6) for 6 h and immunostained with anti-COX IV, anti-calnexin, anti-giantin, and
anti-LAMP1 antibodies. Composite fluorescent images are shown as PL in red and each antibody in pseudo-cyan. Scale bars, 20 um. Co-localization between PL
and each subcellular organelle is represented by Pearson’s coefficient plotted as mean + SD of n = 6-8 images for all groups. One-way ANOVA: *p < 0.03,
**p < 0.002, **p < 0.0002, ****p < 0.0001.

See also Figure S4.

Mitochondrial membrane potential was measured using a
cationic fluorescent probe rodamine123, which labeled normal
polarized mitochondria. Treatment of PC-PUFAys, including
PC(22:6, 22:6) and PC(20:4, 20:4), significantly reduced mito-
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chondrial membrane polarization compared with PC-PUFA; or
vehicle treatment, indicated by a reduction of rodamine123 la-
beling (Figures 5B and S5A). We then determined oxygen con-
sumption rate (OCR) to reflect mitochondrial respiration activity.
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Figure 5. PC-PUFA.s induces mitochondrial stress

(A) Mitochondrial superoxide accumulation measured by MitoSOX red in IGROV-1 cells treated with 100 uM PC or 5 uM antimycin A for 4 h. The relative mean
fluorescence intensity of MitoSOX compared with vehicle is plotted as mean + SD of 2 biological replicates.

(B) Mitochondrial membrane potential measured by rhodamine123 in IGROV-1 cells treated with 100 M PC or 10 uM antimycin A for 4 h. Scale bars, 20 pym. The
relative ratio of rhodamine123 to MitoTracker compared with vehicle is plotted as mean + SD of n = 9-10 images.

(C) Oxygen consumption rate was measured kinetically for 4 h in HT-1080 pre-treated with 100 M PC(22:6, 22:6) with or without 20 uM Fer-1, or 1 uM RSL3
for 2 h.

(D) Viability of IGROV-1 cells co-treated with 100 pM PC(22:6, 22:6) and 0.5 uM mitoquinone (MitoQ) or 0.5 uM decylubiquinone (DecylQ) for 24 h. Data shown as
mean + SD of n = 3 techinical replicates.

(E) Mitochondrial superoxide accumulation measured by MitoSOX green in IGROV-1 cells treated with 100 uM PC(22:6, 22:6) with or without 10 uM Fer-1 or
0.2 uM MitoQ for 4 h. Relative ratio of MitoSOX to MitoTracker compared with vehicle is plotted as mean + SD. Each dot represents a cell. n = 67-124 for all
groups.

(F) Lipid peroxidation measured by C11-BODIPY®8"%%" in IGROV-1 cells co-treated with 100 pM PC(22:6, 22:6) and 0.5 pM MitoQ for 4 h. One-way and two-way
ANOVA: *p < 0.03, **p < 0.002, ***p < 0.0002, ***p < 0.0001.

See also Figure S5.

PC(22:6, 22:6) treatment significantly halted OCR, which is mtROS is essential in PC-PUFA-induced ferroptosis

partially restored upon co-treatment with Fer-1 (Figure 5C). To evaluate the role of mitochondria-induced ROS in PC-PUFA,
RSL3 did not affect OCR, consistent with previous reports, sug- mechanism, we investigated the effect of mitochondria-targeted
gesting mitochondria is dispensible in the mechanism of RSL3- ROS scavengers on PC-PUFA, treatment. Co-treatment with
induced ferroptosis.?® PC(22:6, 22:6)-treated cells did not mitochondria-targeted antioxidant, mitoquinone (MitoQ), pro-
change morphology during the assay, suggesting that the tected cells from PC-PUFA; treatment (Figure 5D). The non-tar-
observed reduction in OCR is due to inhibition on mitochondrial geted counterpart of MitoQ decylubiquinone (DecylQ), had a
respiration rather than on cell viability (Figure S5B). Moreover, we  smaller effect compared with MitoQ. In addition, MitoQ can
evaluated other ETC complex inhibitors, including complex | in-  effectively reduce mitochondrial superoxide accumulation
hibitor rotenone and complex Il inhibitor antimycin A. These in-  upon PC-PUFA, treatment, confirming the mechanism of these
hibitors induced mitochondrial stress but did not induce lipid antioxidants in scavenging mtROS (Figures 5E and S5C). MitoQ
peroxidation and ferroptosis (Figure S5D). Together, these data  can fully suppress lipid peroxidation induced by PC-PUFA; (Fig-
confirmed that mitochondria are essentially involved with PC-  ure 5F). These data suggest that mtROS is essential during the
PUFA,-induced ferroptosis. mechanism of PC-PUFA,-induced ferroptosis and may facilitate
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lipid peroxidation initiation and propagation to other cellular
membranes. Voltage-dependent anion channel (VDAC) localizes
to the mitochondrial outer membrane and has various functions
in regulating mitochondrial membrane potential, lipid transport,
crosstalk with ER, and cell death.*>** Co-treatment of VDAC in-
hibitor DIDS partially suppressed the lethal effect of PC-PUFA,,
although it may be through a broader effect on all VDAC family
proteins because single knockdown of VDAC1-3 did not achieve
the same effect (Figure S5E).

We evaluated PC-PUFA, potency in mitochondrial-depleted
cells generated by parkin-directed mitophagy.?®? Parkin-over-
expressing HT-1080 cells were induced mitophagy through
treatment with the uncoupling agent carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP), and we confirmed the depletion of
mitochondrial content by staining with MitoTracker and quantifi-
cation of mitochondrial DNA transcripts (Figure S5F). Compared
with normal cells, mitochondrial-depleted cells were less sensi-
tive to PC-PUFA, treatment, suggesting that depletion of mito-
chondrial membrane and ROS reduces dietary PC-PUFA, po-
tency. Backup accumulation of PC-PUFA, in other subcellular
membranes such as ER when mitochondria are absent may still
promote ferroptosis. Overall, our data support the notion that the
potency of dietary PC-PUFA, requires functional mitochondrial
ETC structure and ROS production, which may be particularly
beneficial when targeting cancer cells with hyperactive mito-
chondrial function.

PC-PUFA.s induce lipid peroxidation but not an UPR

in ER

We recently reported that ER is a key site of lipid peroxidation
that drives ferroptosis.'” Interestingly, by co-staining cells with
the fluorescent lipid hydroperoxide probe, Liperfluo, with
MitoTracker and with ER-Tracker, we observed a significant in-
crease in lipid peroxidation in cells treated with PC-PUFA,s but
not PC-PUFA;s (Figures 6B and S6A). The colocalization of Li-
perfluo signal with ER-Tracker was significantly higher than
MitoTracker, indicating extensive lipid peroxidation in the ER
that was consistent with this previous report (Figure 6A). In addi-
tion, we evaluated mitochondrial lipid peroxidation using a mito-
chondrial-targeting probe, mitoCLox. Although mitoCLox con-
tains a mitochondrial-targeting structure, it showed major
staining outside mitochondria in cells treated with PC(22:6,
22:6), suggesting that mitochondria are not the major site for lipid
peroxidation (Figure S6C).

To evaluate ER stress upon PC-PUFA, treatment, we
measured the expression level of genes mediating the ER
unfolded protein response (UPR). The protein level of DNA dam-
age inducible gene 153 (GADD153) and X-box binding protein 1s
(XBP1s) measured by western blot were increased in positive
control cells treated with the UPR-inducing compounds, brefel-
din A and thapsigargin (Tg), but neither was detected in cells
treated with PC-PUFA,s for either 4 or 24 h (Figures 6C and
S6B). The transcript levels of XBP1s and GADD153 measured
by quantitative PCR (QPCR) were consistent with western blot
results. Cells treated with CCCP, which disrupted oxidative
phosphorylation in mitochondrial, also failed to induce UPR,
suggesting independent pathways regulating mitochondrial
and ER stress.
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DISCUSSION

In this study, we identified a minor PL species, PC-PUFA,s con-
taining arachidonoyl or docosahexaenoy! tails that initiate ferrop-
tosis. Due to low basal abundance in cells, diacyl-PUFA PLs
have been neglected in studies and little is known about their
functions in physiological and pathological contexts. PL-
PUFA,s are implicated in ferroptosis, based on the observation
that selective protection of PL-PUFA,s peroxidation is essential
during GCH1-centered protection from ferroptosis.'® Our study
validates that PC-PUFA, is a pro-ferroptosis lipid marker and
has a mechanism of action involving mtROS generation.

In the past, oxidized PEs with arachidonoyl and adrenoyl
tails have been reported as a unique feature of ferroptotic
cells."*=7 |In our study, PE-PUFA supplementation induced
cell death with low potency and specificity to ferroptosis in com-
parison with PC-PUFAs (Figures 1A, S1A, and S1D). This may be
due to the less efficient incorporation of PE-PUFAs into cells and
more general PE-induced cytotoxicity. In contrast, PC-PUFA,
shows rapid incorporation into the cell lipidome, which is bene-
ficial in dietary treatment. In addition, when we treated cells with
non-lethal amount of PUFAs such as ARA and DHA, the abun-
dance of PCs, particularly PC-PUFA,s, were significantly
increased, while PE-PUFAs remained unchanged. The selective
incorporation of PUFAs in the sn1 position of PC PLs was also
reported in a previous study using a-linoleic acid.*® This sug-
gests that the PC-PUFA, level is responsive to dietary PUFA
supplementation and affects ferroptosis sensitivity. In addition,
peroxisomes are reported to be involved with ether-PL synthesis
which contributes to ferroptosis.®*“° We found that the protein-
binding profile of biotinylated PL-PUFA; but not PL-PUFA,
showed enrichment in peroxisome-related proteins, implying a
mechanism involving peroxisomes for dietary PL-PUFA; that is
distinct from PL-PUFA,.

Here, we found that diacyl-PUFA PLs are key drivers of ferrop-
tosis that involve initial mtROS production and subsequent ER
lipid peroxidation (Figure 6D). In this model, the intracellular level
of diacyl-PUFA PLs, such as PC-PUFAgs, accumulate by either
direct PC-PUFA, uptake or free PUFA uptake followed by fatty
acid remodeling to readily induce ferroptosis. A portion of dietary
PC-PUFA,s were remodeled into other PUFA-containing lipid
species. One PL remodeling pathway, the Lands cycle, involves
the phospholipase-A2-catalyzed cleavage of fatty acyl tails and
the attachment of new fatty acyl chains by lysoPL acyltrans-
ferases. Phospholipase A2 facilitates the clearance of oxidized
PL-PUFAs as a defense mechanism against ferroptosis.*’*? In-
hibition of fatty acid synthase (FASN) that regulates SFA and
MUFA synthesis disrupts the Lands cycle in lung cancer and
leads to the accumulation of PC-PUFA,s and lysoPC-PUFAs.**
Lipid remodeling was also reported upon exogenous PUFA
perturbation to restore membrane lipid homeostasis.”* We
observed that DHA-containing PC-PUFA, experiences less lipid
remodeling compared with ARA-containing PC-PUFA,, which
contributes to its higher potency to initiate ferroptosis. Therefore,
the remodeling of exogenous PC-PUFA,s into other PUFA-con-
taining lipid species may be a strategic mechanism to reduce the
toxicity of PC-PUFAgs. Consistently, dietary MUFA and ACSL4
knockdown abolished cell death induced by PC-PUFA;s but
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Figure 6. PC-PUFA_s induce lipid peroxidation, but not an unfolded protein response in ER

(A) Lipid peroxidation measured by Liperfluo in IGROV-1 cells treated with 100 uM PC(22:6, 22:6) for 4 h. Cells were co-stained with ER-Tracker and MitoTracker.
Composite fluorescent images are shown as Liperfluo in green and ER-Tracker or MitoTracker in pseudo-magenta. Scale bars, 20 pm. Colocalization between
Liperfluo and mitochondria or ER is represented by Pearson’s coefficient plotted as mean + SD of n = 9-11 images.

(B) Relative mean intensity of Liperfluo compared with vehicle is plotted as mean + SD of n = 10-14 images.

(C) Western blot analysis of UPR mediators, XBP1s and GADD153 in IGROV-1 cells treated with 100 uM PC, 10 uM CCCP, or 1 uM brefeldin A for 4 h. The
transcript levels of XBP1s and GADD153 were measured in same cells used for western blot. Data plotted as mean + SD of n = 3 technical triplicates.

(D) Schematics of the mechanism of PC-PUFA,-induced ferroptosis.
See also Figure S6.

had less effect on PC-PUFA,s. This implies that PC-PUFA,s are
the proximal lipid effector to execute ferroptosis and dietary
MUFA and PUFA are affecting the synthesis of diacyl-PUFA PLs.

Critically, incorporation of PUFAs, at least ARA, into PLs via
the Kennedy pathway or the Lands pathway has been shown
to be a high-affinity but low-capacity pathway.® Thus, it is likely
that the abundance of PL-PUFA; species generated through
CoA-PUFAs is limited and perhaps insufficient to support ferrop-
tosis. Instead, formation of PL-PUFA, as a mobile carrier of
PUFAs that can support a transacylation mechanism such as
that originally reported by Irvine and Dawson is likely essential

to provide a sufficient capacity of PL-PUFA species to enable
ferroptotic cell death.”® PL-PUFAs is thus highly responsive to
intracellular PUFA pool and governs cell sensitivity to ferroptosis.

Mitochondria have been shown to play a potentiating role in
ferroptosis in recent studies identifying the protective effect of
mitochondria antioxidants and mitochondria-localized GPX4
overexpression on ferroptosis.”**° In our study, we found that
PL-PUFA,s were transported to the mitochondria, implying
that endogenous PL-PUFA, trafficking systems are enriched in
mitochondria. Mitochondria have been reported as the intracel-
lular sink for short-chain di-unsaturated PLs in yeast, although
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the similar transport system has not been characterized in
mammalian cells.*® Besides, dietary PUFA such as DHA has
been shown to affect mitochondrial structure, oxidative phos-
phorylation, and unsaturated lipid content.””~*° These studies
demonstrate that dietary PUFA are effectively incorporated
into mitochondrial membrane PL and accompanied by mito-
chondrial stress including membrane depolarization and
decreased activity of ETC complexes. This explains that when
we supplemented cells with free PUFA, accumulation of PC-
PUFA, may occur in the mitochondria due to high regional con-
centration of PUFA most likely in the inner mitochondrial mem-
brane and intermembrane space.

It has been reported that mtROS produced by ETC complex
| is responsible for mitochondrial lipid peroxidation and ferropto-
sis.?>°% Based on our proteomic data, PL-PUFA, had certain in-
teractions with complex | protein that may directly or indirectly
affect mtROS homeostasis and induce mitochondrial membrane
depolarization. We found that the lethal effect of PC-PUFA, was
protected by the mitochondria-targeted ROS-quencher such as
MitoQ, but not by ubiquitously localized DecylQ (Figure 5D). Mi-
toQ was also sufficient to block mtROS accumulation and lipid
peroxidation that is essential during PC-PUFA,-induced
ferroptosis.

Due to accumulation of PC-PUFA, and mtROS, mitochondria
act as an initiation site of ferroptosis, while propagation of lipid
hydroperoxides occurs mainly in the ER. ER is a central organelle
for lipid metabolism and contains abundant labile PUFA PLs.
Lipid hydroperoxides from mitochondria can communicate
with ER membrane through mitochondria-ER contact sites.”':
We found that PC-PUFA,s induced lipid peroxide accumulation
in the ER, consistent with the established model that ER is the
primary site of lipid peroxidation.'”

In summary, PC-PUFA, is a critical pro-ferroptosis lipid class.
We found that PC-PUFA; is a potent downstream effector of di-
etary PUFA and modulates cellular oxidative stress by disruption
of mtROS homeostasis. The accumulation of PC-PUFA,s can
rationalize the ferroptosis-promoting benefit of PUFA treatments
during cancer therapy, the effects of MUFAs in suppressing fer-
roptosis, the role of mitochondria in contributing to ferroptosis,
and impact our understanding of ACSL4 function during lipid re-
modeling. PC-PUFA,s, therefore, represent an important driver
of ferroptosis, with implications for understanding the basic
biology and chemistry of ferroptosis, as well as how ferroptosis
can be detected and regulated in disease states. In this sense,
the level of PC-PUFA,; may be a marker of ferroptosis sensitivity,
with implications for linking PUFA content of diet, aging, degen-
erative disease states, and cancer cell contexts to ferroptosis
sensitivity.

Limitations of the study

Our findings indicate that PC-PUFA, is an important ferroptosis-
regulating lipids. We found interactions of PC-PUFA, with mito-
chondrial ETC complex | that contribute to ROS production,
essential for the initiation and propagation of lipid peroxidation
that drives ferroptosis. Although these results suggest the
involvement of the mitochondrial ETC in PC-PUFA,-induced fer-
roptosis, further structural analysis is needed to determine the
exact binding site of PC-PUFA, within the ETC complexes to fully
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understand the mechanism behind PC-PUFAs-induced ROS
production.

Furthermore, our current data demonstrate that accumulation
of PC-PUFA; specifically drives ferroptosis; however, a more
comprehensive analysis of whether depletion of PC-PUFA,
blocks ferroptosis is limited by the current methods. Although
we showed that MUFA treatment selectively reduced PC-
PUFA, concentration in cells in the presence of PUFA, future
study on PC-PUFA,, biosynthetic pathway is important to identify
enzymes that account for the accumulation of PC-PUFA, in cells,
so that blockage of these pathways can achieve complete
depletion of PC-PUFA,.
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Antibodies
Rabbit monoclonal anti-GPX4 Abcam Cat#ab125066; RRID: AB_10973901

Mouse monoclonal anti-ACSL4 (clone F-4)

Rabbit monoclonal anti-phospho-MLKL Ser345
(clone DBE3G)

Rabbit polyclonal anti-Caspase-3

Rabbit polyclonal anti-cleaved Caspase-3 Asp175
Mouse monoclonal anti-XBP1s (clone 143F)
Mouse monoclonal anti-GADD (clone B-3)

Rabbit polyclonal anti-GAPDH

Rabbit monoclonal anti-pan-Actin (clone D18C11)
Rabbit polyclonal anti-Calnexin

Mouse monoclonal anti-COX IV

Mouse monoclonal anti-Giantin (clone 9B6)
Rabbit monoclonal anti-LAMP1 (clone D2D11)
Mouse monoclonal anti-TfR1 (clone 3F3-FMA)
Mouse monoclonal anti-alpha-Tubulin (clone DM1A)

Rabbit monoclonal anti-ETC complex sampler
(anti-NDUFS1, anti-NDUFAB1, anti-UQCRFS1,
anti-COX IV)

Goat polyclonal anti-mouse IgG (H+L) Alexa Fluor 488
Goat polyclonal anti-rabbit IgG (H+L) Alexa Fluor 405
Goat polyclonal anti-mouse IgG (H+L) Alexa Fluor 594

Santa Cruz Biotechnology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
BioLegend

Santa Cruz Biotechnology
Abcam

Cell Signaling Technology
Abcam

Abcam

Abcam

Cell Signaling Technology
Feng et al.”®

Santa Cruz Biotechnology
Cell Signaling Technology

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat#sc-365230; RRID: AB_10843105
Cat#37333S; RRID: AB_2799112

Cat#9662; RRID: AB_331439
Cat#9661; RRID: AB_2341188
Cat#647501; RRID: AB_2241744
Cat#sc-7351; RRID: AB_627411
Cat#ab9485; RRID: AB_307275
Cat#8456S; RRID: AB_10998774
Cat#ab22595; RRID: AB_2069006
Cat#ab33985; RRID: AB_879754
Cat#ab37266; RRID: AB_880195
Cat#9091T; RRID: AB_2687579
N/A

Cat#sc-32293; RRID: AB_628412

Cat#42642; RRID: AB_3086727;
AB_3086728; AB_2922784

Cat#A32723; RRID: AB_2633275
Cat#A48254; RRID: AB_2890548
Cat#A-11032; RRID: AB_2534091

Goat polyclonal IRDye 800CW anti-mouse IgG (H+L) Biosciences Cat#926-32210; RRID: AB_621842
Goat polyclonal IRDye 680RD anti-rabbit IgG (H+L) Biosciences Cat#926-68071; RRID: AB_10956166
Chemicals, peptides, and recombinant proteins

(18,3R)-RSL3 Yang et al.”® CAS: 1219810-16-8

Ferrostatin-1 Sigma-Aldrich Cat#SML0583; CAS: 347174-05-4
Deferoxamine mesylate Sigma-Aldrich Cat#D9533; CAS: 138-14-7

Z-VAD-FMK
Necrostatin-1s
Bafilomycin A1
ONO-RS-082

FIN56

IKE

FINO,

CCCP

Brefeldin A
Thapsigargin

Zeocin

Mitogquinone mesylate
Decylubiquinone
2-Hydroxypropyl-B-cyclodextrin
4-chlorobenzoic acid
DIDS sodium salt

Selleck Chemicals

Cell Signaling Technology
Cayman Chemical
Cayman Chemical
Selleckchem

Zhang et al.>*

Gaschler et al.?’
Cayman Chemical
Cayman Chemical
Cayman Chemical
Thermo Fisher Scientific
Cayman Chemical
Cayman Chemical
Cayman Chemical
Sigma-Aldrich

Cayman Chemical

Cat#S7023; CAS: 634911-81-9
Cat#17802S; CAS: 852391-15-2
Cat#11038; CAS: 88899-55-2
Cat#20243; CAS: 99754-06-0
Cat#58254; CAS: 942285-55-4
CAS: 1801530-11-9

CAS: 869298-31-7

Cat#25458; CAS: 555-60-2
Cat#11861; CAS: 20350-15-6
Cat#10522; CAS: 67526-95-8
Cat#R25001; CAS: 11006-33-0
Cat#29317; CAS: 845959-50-4
Cat#21027; CAS: 55486-00-5
Cat#16169; CAS: 128446-35-5
Cat#135585; CAS: 74-11-3
Cat#16125; CAS: 67483-13-0
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Rotenone EMD Millipore Cat#557368; CAS: 83-79-4
Antimycin A Sigma-Aldrich Cat#A8674; CAS: 1397-94-0
Biotin PEG thiol Polypure Cat#41156-1095

PC(18:0, 20:4) Avanti Polar Lipids Cat#850469C

PC(18:0, 22:6) Avanti Polar Lipids Cat#850472C

PC(18:0, 18:0) Avanti Polar Lipids Cat#850365C

PC(20:4, 20:4) Avanti Polar Lipids Cat#850397

PC(22:6, 22:6) Avanti Polar Lipids Cat#850400C

PE(18:0, 22:6) Avanti Polar Lipids Cat#850806C

PE(22:6, 22:6) Avanti Polar Lipids Cat#850797C

PE(20:4, 20:4) Avanti Polar Lipids Cat#850800C

PG(20:4, 20:4) Avanti Polar Lipids Cat#840490C

PS(20:4, 20:4) Avanti Polar Lipids Cat#840066C
Biotin-PL(18:0, 22:6) Avanti Polar Lipids N/A

Biotin-PL(22:6, 22:6) Avanti Polar Lipids N/A

Biotin-PL(16:0, 16:0) Avanti Polar Lipids Cat#870285P
[d11]-PC(18:0, 20:4) Cayman Chemical N/A

[d22]-PC(20:4, 20:4) Cayman Chemical N/A

Arachidonic acid

Docosahexaenoic acid

Oleic acid

Splash Lipidomics Mass Spec Standard
Butylated Hydroxytoluene

Methanol, Optima LC-MS grade

Methyl tert-butyl ether

Isopropanol, Optima LC-MS grade
Water, Optima LC-MS grade
Acetonitrile, Optima LC-MS grade
Ammonium acetate, Optima LC-MS grade
Acetic acid, Optima LC-MS grade

Tris (2-Carboxyethyl) Phosphine Hydrochloride
Chloroacetamide

Ethyl acetate

Trifluoroacetic acid

Ammonia

Formic acid, Optima LC-MS grade
Paraformaldehyde

Triton X-100

Dimethyl sulfoxide

MgCl,

Cayman Chemical
Cayman Chemical
Cayman Chemical
Avanti Polar Lipids
Sigma-Aldrich

Fisher Scientific

Fisher Scientific

Fisher Scientific

Fisher Scientific

Fisher Scientific

Fisher Scientific

Fisher Scientific
Goldbio

Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Fisher Scientific
Electron Microscopy Sciences
Sigma-Aldrich
Sigma-Aldrich

New England Biolabs

Cat#90010; CAS: 506-32-1
Cat#90310; CAS: 6217-54-5
Cat#90260; CAS: 112-80-1
Cat#330707

Cat#W218405; CAS: 128-37-0

Cat#A456; CAS: 67-56-1
Cat#E127; CAS: 1634-04-4
Cat#A461; CAS: 67-63-0
Cat#W6500; CAS: 7732-18-5
Cat#A955; CAS: 75-05-8
Cat#A11450; CAS: 631-61-8
Cat#A11350; CAS: 64-19-7

Cat#TCEP25; CAS: 51805-45-9

Cat#C0267; CAS: 79-07-2
Cat#34858; CAS: 141-78-6
Cat#85183; CAS: 76-05-1
Cat#984766; CAS: 7664-41-7
Cat#A117-50; CAS: 64-18-6

Cat#50-00-0; CAS: 30525-89-4

Cat#X100PC; CAS: 9036-19-5
Cat#276855; CAS: 67-68-5
Cat#B9021S; CAS: 7786-30-3

Critical commercial assays

Pierce BCA Protein Assay Kit

Pierce MS-Compatible Magnetic IP Kits
Mitochondria Isolation Kit

NuPAGE 4-12% Bis-tris gel

iBlot™ 2 Transfer Stacks, nitrocellulose
RNeasy Mini Kit

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Fisher Scientific
Thermo Fisher Scientific
Qiagen

Cat#23225
Cat#90408
Cat#89874
Cat#WG1401
Cat#1B23002
Cat#74136
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Proteomics data ProteomeXchange PXD041993

Lipidomics data MetaboLights MTBLS7772

Experimental models: Cell lines

IGROV-1 This lab N/A

Huh7 This lab N/A

HT-1080 This lab N/A

SU-DHL-5 This lab N/A

Calu-1 This lab N/A

A498 This lab N/A

143B This lab N/A

CAL-85-1 This lab N/A

MCF-7 This lab N/A

CAL-120 This lab N/A

CAL-51 This lab N/A

C-33A This lab N/A

SU-DHL-6 This lab N/A

AU565 This lab N/A

HCC2218 This lab N/A

786-0O This lab N/A

LS513 This lab N/A

NCI-H358 This lab N/A

NCI-H2087 This lab N/A

NCI-H1299 This lab N/A

SK-BR-3 This lab N/A

HCT116 This lab N/A

Cas9 overexpressing HT-1080 Kraft et al.'® N/A

Mcherry-Parkin overexpressing HT-1080 Gaschler et al.?° N/A

Oligonucleotides

Primers for gPCR Table S2 N/A

siRNAs Table S3 N/A

Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com/

FlowdJo, v10.8 FlowdJo, LLC https://imagej.nih.gov/ij/

MetaboAnalyst, v5.0 MetaboAnalyst https://www.metaboanalyst.ca/

MassLynx, v4.1 Waters http://www.waters.com/waters/en_US/
MassLynx-MS-Software/

Progenesis Ql Waters https://www.nonlinear.com/progenesis/qi/

DAVID, v6.8 LHRI https://david.ncifcrf.gov

clusterProfiler, v4.6.2

RStudio, v1.4

CellProfiler, v4.0.7
Fiji: Imaged, v4.0.7

Bioconductor

Posit

CellProfiler
Fiji

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

https://support-rstudio-com.netlify.app/
products/rstudio/

https://cellprofiler.org/
https://fiji.sc/

Other

Dulbecco’s modified Eagle’s medium
DMEM without methionine and cystine

Corning-FISHER

Thermo Fisher Scientific

Cat#10-013
Cat#21013024

(Continued on next page)

Cell 187, 1-14.e1-€9, February 29, 2024 €3


https://www.graphpad.com/
https://imagej.nih.gov/ij/
https://www.metaboanalyst.ca/
http://www.waters.com/waters/en_US/MassLynx-MS-Software/
http://www.waters.com/waters/en_US/MassLynx-MS-Software/
https://www.nonlinear.com/progenesis/qi/
https://david.ncifcrf.gov
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://support--rstudio-com.netlify.app/products/rstudio/
https://support--rstudio-com.netlify.app/products/rstudio/
https://cellprofiler.org/
https://fiji.sc/

doi.org/10.1016/j.cell.2024.01.030

Please cite this article in press as: Qiu et al., Phospholipids with two polyunsaturated fatty acyl tails promote ferroptosis, Cell (2024), https://

¢? CellPress

Cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
McCoy’s 5A medium Thermo Fisher Scientific Cat#16600108
RPMI-1640 medium Cytiva Cat#SH30096
Eagle’s minimum essential medium VWR Cat#10128
Opti-MEM reduced serum medium Life Technologies Cat#31985
HBSS containing calcium and magnesium Thermo Fisher Scientific Cat#14025092
Fetal bovine serum Thermo Fisher Scientific Cat#26400044
Penicillin-Streptomycin Thermo Fisher Scientific Cat#15140122

Puromycin dihydrochloride
Non-essential amino acids
Glutamate

Sodium pyruvate

Methionine

Cystine

Human holo-Transferrin
Lipofectamine RNAIMAX
Protease inhibitor cocktail

RIPA buffer

Protease inhibitor cocktail tablet
Blue loading buffer with DTT
TBS blocking buffer

PCR buffer

dNTP mix

Oligo d(T)16

Rnase inhibitor

MultiScribe reverse transcriptase
Power SYBR Green PCR Master Mix
VECTASHIELD mounting medium
CellTiter-Glo
C11-BODIPY®>81/51

MitoSOX Red

MitoSOX green

MitoCLox

Liperfluo

MitoTracker deep red
ER-Tracker blue-white
Rhodamine123

NucBlue

Streptavidin-cy5

Normal goat serum
Trypsin/Lys-C Mix

Santa Cruz Biotechnology
Thermo Fisher Scientific
Thermo Fisher Scientific
Cytiva

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
ApexBio

Thermo Fisher Scientific
Sigma-Aldrich

Cell Signaling Technology
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs
Thermo Fisher Scientific
Thermo Fisher Scientific
Vector Laboratories
Promega

Invitrogen

Thermo Fisher Scientific
Thermo Fisher Scientific
Lumiprobe

Dojindo

Invitrogen

Invitrogen
Sigma-Aldrich

Thermo Fisher Scientific
ApexBio

Thermo Scientific

Fisher Scientific

Cat#sc-108071; CAS: 58-58-2
Cat#1140076
Cat#35050061
Cat#SH30239.01
Cat#M9625
Cat#C8755
Cat#T0665
Cat#13778075
Cat#K1007
Cat#89901
Cat#11697498001
Cat#7722S
Cat#37535
Cat#N8080129
Cat#4303441
Cat#N8080128
Cat#M0303S
Cat#4311235
Cat#4368577
Cat#H-1900
Cat#G7573
Cat#D-3861
Cat#M36008
Cat#M36006
Cat#3549
Cat#1.248-10
Cat#M22426
Cat#E12353
Cat#83702
Cat#R37605
Cat#K1080
Cat#50062Z
Cat#PRV5071

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Brent R.

Stockwell (bstockwell@columbia.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.
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Data and code availability
® Proteomics data are available via ProteomeXchange: PXD041993. Lipidomics data including raw mass spectrometry data files,
processed data, and annotated lipid features are available in the public repository, MetaboLights: MTBLS7772.
® This paper does not report or use custom computer code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

All mammalian cells were cultured following ATCC recommended protocols and in medium supplemented with 10% fetal bovine
serum (FBS, Thermo Fisher Scientific 26400044) and 1% Penicillin-Streptomycin (Thermo Fisher Scientific 15140122). IGROV-1,
CAL-85-1, MCF-7, CAL-120, CAL-51, A549, C-33A, and Huh7 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with high glucose (Corning-FISHER 10-013). HT-1080 cells were maintained in DMEM supplemented with additional 1%
non-essential amino acids (Thermo Fisher Scientific 1140076). SU-DHL-5, SU-DHL-6, AU565, HCC2218, 786-O, LS513, NCI-
H358, NCI-H2087, NCI-H1299 cells were cultured in RPMI-1640 medium (Cytiva SH30096). Calu-1, SK-BR-3, HCT116 cells were
cultured in McCoy’s 5A medium (Thermo Fisher Scientific 16600108). 143B cells were cultured in Eagle’s minimum essential medium
(VWR 10128). Mycoplasma tests were routinely performed to ensure cell culture quality and cells were passaged no more than 20
passages. Mcherry-Parkin overexpressing HT-1080 cells were generated previously by Gaschler et al.?° In brief, HT-1080 cells
were retroviral transduced with mCherry-Parkin-IRES-zeocin plasmid and selected using 400 ug/mL zeocin. Mitophagy was induced
in Mcherry-Parkin overexpressing HT-1080 cells by treatment of 12.5 uM CCCP for 48 hr before switching to original media for cell
assays. Cas9 overexpressing HT-1080 cells were generated by lentiviral transduction of Lenti-iCas9-neo plasmid and viruses were
made with third generation ecotropic packaging as previously described.'® Cas9 overexpressing HT-1080 cells were cultured in
normal medium supplemented with 1 ng/mL puromycin.

Human subject

Analysis on human brain samples were performed under the Institutional Review Board of Columbia University (AAAQ8027,
approved 04/07/2016). The caudate nucleus region of the brain autopsy samples from Huntington’s disease and control patients
were collected. All control patients were age-matched with HD patients obtained from the same tissue bank. Patient information
related to age and sex are provided in Table S1. All samples are de-identified and other information outside the Table S1 is not avail-
able for the samples and are not relevant to the study.

METHOD DETAILS

Antibodies and chemicals

(18,3R)-RSL3, IKE, FINO, were synthesized by the Stockwell lab as previously described.?”***** All commercially available phospho-
lipids were purchased from Avanti Polar Lipids. Biotinylated phospholipids were synthesized by Avanti Polar Lipids and deuterated
phospholipids were synthesized by Cayman Chemical. Fatty acids including arachidonic acid, docosahexaenoic acid, and oleic acid
were purchased from Cayman Chemical. Other chemicals were purchased from certified vendors: ferrostatin-1 (Sigma-Aldrich
SML0583), deferoxamine mesylate (Sigma-Aldrich D9533), Z-VAD-FMK (Selleck Chemicals S7023), necrostatin-1s (Cell Signaling
Technology 17802S), bafilomycin A1 (Cayman Chemical 11038), FIN56 (Selleckchem S8254), ONO-RS-082 (Cayman Chemical
20243), CCCP (Cayman Chemical 25458), brefeldin A (Cayman Chemical 11861), thapsigargin (Cayman Chemical 10522), mitoqui-
none mesylate (Cayman Chemical 29317), decylubiquinone (Cayman Chemical 21027), DIDS sodium salt (Cayman Chemical 16125),
rotenone (EMD Millipore 557368), antimycin A (Sigma-Aldrich A8674), zeocin (Thermo Fisher Scientific R25001), puromycin (Santa
Cruz Biotechnology sc-108071A), biotin-PEG-SH (Polypure 41156-1095), 2-Hydroxypropyl-f-cyclodextrin (Cayman Chemical
16169), 4-chlorobenzoic acid (Sigma-Aldrich 135585). The following antibodies were used: anti-GPX4 (ab125066), anti-ACSL4 (clone
F-4, Santa Cruz Biotechnology sc-365230), anti-phospho-MLKL Ser345 (clone D6E3G, Cell Signaling Technology 37333S), anti-
Caspase-3 (Cell Signaling Technology 9662S), anti-cleaved Caspase-3 Asp175 (Cell Signaling Technology 9661S), anti-XBP1s
(clone 143F, BioLegend 647501), anti-GADD (clone B-3, Santa Cruz Biotechnology sc-7351), anti-GAPDH (Abcam ab9485), anti-
pan-Actin (clone D18C11, Cell Signaling Technology 8456S), anti-alpha-Tubulin (clone DM1A, Santa Cruz Biotechnology sc-
32293), anti-Calnexin (Abcam ab22595), anti-COX IV (Abcam ab33985), anti-Giantin (clone 9B6, Abcam ab37266), anti-LAMP1
(clone D2D11, Cell Signaling Technology 9091T), anti-TfR1 (clone 3F3-FMA),?® anti-ETC complex sampler (anti-NDUFS1, anti-NDU-
FAB1, anti-UQCRFS1, anti-COX IV, Cell Signaling Technology 42642), anti-mouse IgG (H+L) Alexa Fluor 488 (Thermo Fisher
Scientific A32723), anti-mouse IgG (H+L) Alexa Fluor 594 (Thermo Fisher Scientific A-11032), anti-rabbit IgG (H+L) Alexa Fluor
405 (Thermo Fisher Scientific A48254),anti-mouse IgG (H+L) IRDye 800CW (Biosciences 926-32210), anti-rabbit IgG (H+L) IRDye
680RD (Biosciences 926-68071).
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Cell viability assay and phospholipid treatment

Cells were seeded in 384-well format culture plate (Thermo Fisher Scientific 164610) at 400 cells per well for adherent cells and 5,000
cells per well for suspension cells and incubated overnight. Before treatment, phospholipid stock solution in chloroform was dried
under nitrogen flow, re-dissolved in vehicle containing 20% ethanol and 16% 2-Hydroxypropyl-B-cyclodextrin in phosphate buffered
saline (PBS), and sonicated to get a clear solution. Phospholipids were further diluted in media to reach desired concentration and
added to cell plates. The final vehicle concentration in cells was less than 0.02%. Cells were treated with phospholipids for 24 hr and
cell viability was measured by CellTiter-Glo (Promega G7573) using a luminescent plate reader according to the manufacturer’s in-
structions. CoQ4o-depleted media was prepared by filtering FBS through 15 kD protein filters before adding to culture media along
with additional 1 mM 4-chlorobenzoic acid. Cells were cultured in CoQ4o-depleted media for 48 hr and then treated with phospho-
lipids and 10 pg/mL human holo-Transferrin (Sigma-Aldrich T0665). For cystine depletion, cells were cultured in DMEM without
methionine and cystine (Thermo Fisher Scientific 21013024). Glutamate (Thermo Fisher Scientific 35050061), sodium pyruvate (Cy-
tiva SH30239.01), and methionine (Sigma-Aldrich M9625) were added back to DMEM and cystine (Sigma-Aldrich C8755) was titrated
in culture plates. Cell viability was measured after cystine depletion for 24 hr. For all cell viability assays, 2-4 technical replicates were
used and at least 2 biological replications were performed.

Cytosolic and mitochondrial ROS measurement

For lipid ROS determination, cells were seeded in 10 cm dishes at 2 million cells per plate and incubated overnight. Cells were treated
with 100 uM phospholipids for 4 hr and washed once with HBSS (Thermo Fisher Scientific 14025092). Cells were then incubated with
HBSS containing 2 uM C11-BODIPY%81/5°1 (Invitrogen D-3861) at 37 °C for 30 min in dark. Cells were trypsonized (Invitrogen 25200-
114), washed once with HBSS, and resuspended in fresh HBSS for flow cytometry analysis. For mitochondrial superoxide detection
using flow cytometry, cells were incubating with 5 pM MitoSOX red (Thermo Fisher Scientific M36008) at 37 °C for 30 min in dark.
Samples were detected with excitation at 488 nm and emission at FITC channel with 525/40 nm bandpass filter for oxidized C11-
BODIPY and PE channel with 585/42 nm bandpass filter for MitoSOX red and reduced C11-BODIPY. 10,000 events after gating
were collected for each sample. Flow cytometry data were processed in FlowJo (version 10.8). Cells were gated for live cells in
SSC-A vs FSC-A plot and for singlet cells in FSC-H vs FSC-A plot. The FITC-A and PE-A histogram of singlet cells were plotted
and the mean intensity of each peak was quantified. For all flow cytometry assays, at least 2 biological replications were performed.

Transfection

Cells were transfected with Lipofectamine RNAIMAX Transfection Reagent (Thermo Fisher Scientific 13778075) by reverse transfec-
tion according to the manufacturer’s protocol. In brief, 20 pmol of siRNA SMARTpool (Dharmacon) and 2.5 uL Lipofectamine
RNAIMAX was mixed in 500 uL Opti-MEM reduced serum medium (Life Technologies 31985) at room temperature for 30 min.
Then 0.5 million cells in 1.5 mL media were mixed with transfection reagent and added to each well in 6-well plate. After 48 hr, cells
were harvested for cell assay. For CRISPR knockdown, cas9-overexpressing HT-1080 cells were transfected with sgRNA targeting
ACSL4 or non-targeted sgRNA using Lipofectamine for 48 hr.

Protein quantification

Protein amount in cell lysate was quantified using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific 23225) following the man-
ufacturer’s protocol. In brief, the standard curve was generated by serial dilutions of BSA standards. Both standards and samples
were added in 96-well format clear assay plate (Greiner Bio-One 655101) in duplicates and incubated with the colorimetric working
solution at 37 °C for 30 min at dark. The plate was measured using the plate reader and detected by absorbance at 562 nm. The
concentration of sample is interpolated from the standard curve.

Targeted lipidomics

Sample preparation

Cells were seeded in 10 cm dishes at 2 million cells per plate overnight. Culture media was swapped with fresh media containing
25 uM deuterated, non-deuterated phospholipids, PUFAs or vehicle and cells were incubated for 6 hr. Cells were harvested for lipid
extraction. For basal lipid measurement, 5 million cells were collected for each triplicate of each cell line and lipids were extracted
from all cell pellet at the same time. Protein concentration was measure for each cell line and used to normalize lipid signal. For mito-
chondrial lipid measurement, mitochondria were isolated using the Mitochondria Isolation Kit (Thermo Fisher Scientific 89874)
following manufacturer’s instructions. 20 million cells were collected for mitochondrial isolation for each triplicate. Oleic acid-d17
was added to both mitochondrial fraction and the rest cell fraction as internal standard to normalize extraction efficiency. Lipids
were extracted as previously described.’®"” In brief, cells were homogenized in methanol, and cell lysates were transferred into glass
vials containing methyl tert-butyl ether. Mixture was vortexed and incubated in ice for 2 hr for lipid extraction, followed by phase sep-
aration by adding water. Top organic layer was dried and redissolved in isopropanol: acetonitrile: water 4:3:1 for LC-MS sample
loading. The aqueous layer was dried and redissolved in RIPA buffer for protein concentration measurement. Lipid extraction
from brain tissue followed the same method as cell extraction with additional step of tissue homogenization. For all lipidomics assays,
3-4 technical replicates were used.
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Lipidomic analysis
Lipids were analyzed using LC-MS method as previously described.'®'” Samples were analyzed using Acquity UPLC I-class PLUS
interfaced with a Synapt G2-Si Mass spectrometer (Waters Corp.). Chromatographic separation was performed with a 20 min
gradient elution profile on a Waters Acquity CSH C18 column (1.7 um, 2.1 mm X% 100 mm). Both positive and negative electrospray
ionization (ESI) modes used the same mobile phase: (A) water: ACN (40:60; v/v) and (B) water: ACN: IPA (5:10:85; v/v/v). However,
different mobile phase modifiers were used to improve lipid coverage. For the positive mode, 10 mM ammonium formate and 0.1%
formic acid were used, while 10 mM ammonium acetate was used for the negative ESI mode. The following linear gradient at
400 pl/min flow rate with a column temperature at 55 °C was used: 0-2 min: 60%B, 2-2.3 min: 75% B, 2.3-10 min: 90%B,
10-17 min: 100%B, 17-20 min: 40%B. The Synapt G2-Si mass spectrometer was equipped with a LockSpray ion source and was
operated in both ESI. modes over the mass range of 50-1600 m/z. Source voltages were set to +2.5 kV, 30 V, and 5 V for capillary,
sampling, and extraction cones, respectively. Moreover, the temperature was set to 120 °C for the source and 500 °C for sample
desolvation. Gas flow rates were set at 900 L/hr and 50 L/hr for the desolvation gas and cone gas, respectively. Fragment ion spectra
were generated using enhanced data-independent ion mobility (HDMSE) acquisition mode where data from mobility separation ions
are collected in two channels with either low collision energy applied at 4 V or with an elevated collision energy ramp from 25 to 60 V
for precursor and fragment ions, respectively. Nitrogen as the drift gas was held at a flow rate of 90 mL/min in the IMS cell with a wave
velocity of 600 m/s and a wave height of 40 V.
Data analysis
All raw files acquired via MassLynx software (version 4.1, waters) were imported to Progenesis Ql software (Waters, Non-linear Dy-
namics) and aligned against the QC reference, followed by peak extraction and retention time alignment. Identification of detected
lipid features was initially obtained by searching monoisotopic masses against the available online databases such as METLIN,
LipidMAPS, and HMDB with a mass tolerance of 5 ppm. Moreover, isotopic patterns and retention time of each lipid precursor
ion were assessed. Structural elucidation of lipids was confirmed by inspecting the diagnostic fragment ions and corresponding
acyl chain fragment information obtained by UPLC-HDMSE. The extracted lipid features were normalized by total protein concen-
trations, median normalization, and log-transformed within each sample before statistical analysis.

For analysis of public lipidomics dataset (NMDR: PR001047; https://doi.org/10.21228/M8C68D), all annotated diacyl-PUFA phos-
pholipids, mono-acyl-PUFA phospholipids, and lysophospholipids with structural elucidation of acyl tails were selected and
analyzed in MetaboAnalyst (version 5.0).

Quantitative proteomics

Sample preparation

Affinity pull-down assay was conducted using the Pierce MS-Compatible Magnetic IP Kits (Thermo Fisher Scientific 90408), following
manufacturer’s instructions. In brief, HT-1080 cells were seeded in 15 cm round culture plates and cultured until confluent. Cells were
washed once with cold PBS and scraped off the plate using 2 mL IP-MS Cell Lysis Buffer containing protease inhibitor cocktail
(ApexBio K1007). Cells were incubated on ice for 10 min and spun at 17,000 xg for 15 min at 4 °C. Supernatant containing soluble
proteins was collected and quantified for protein amount. Meanwhile, 0.5 mg biotinylated phospholipid in chloroform was dried under
nitrogen stream and redissolved in 20 uL MeOH and 480 uL PBS. In each reaction sample, 500 ug protein was mixed with 10 ug lipid
or an equal amount of vehicle or biotin-PEG-SH in 500 uL Cell Lysis Buffer. Mixture was incubated overnight at 4 °C. 0.25 mg of Pierce
Streptavidin Magnetic Beads was washed and added to each reaction tube and mixed at 4 °C for 2 hr. Magnetic beads were
collected on a magnetic stand and washed three times with wash buffer A and B. For proteomics assay, 3 technical replicates
were used.

Proteomic analysis

Protein was eluted and analyzed by LC-MS method as previously described.”® In brief, proteins were eluted from magnetic beads
and followed by cysteine reduction in 10 mM tris(2-carboxyethyl)phosphine and 40 mM chloroacetamide at 45°C for 10 min and pro-
tein digestion in trypsin/LysC overnight at 37 °C. Peptides were added with ethyl acetate containing 1% trifluoroacetic acid and sub-
jected to StageTip clean-up via SDB-RPS. Peptides were eluted with 50% ACN containing 1% ammonia and dried at 45 °C in
SpeedVac. Samples were resuspended in 3% ACN and 0.1% formic acid and measured using NanoDrop. 200 ng of peptides
were loaded for diaPASEF analysis on timsTOFPro (Bruker). Peptides were separated on a reversed-phase C18 column with an in-
tegrated CaptiveSpray Emitter (1.6 um, 25 cm x 75 um, lonOpticks) using mobile phase (A) 0.1% formic acid in water and (B) 0.1%
formic acid in ACN at a flow rate of 400 nL/min. The fraction of B was linearly increased: 0-60 min, from 2% to 23%; 60-67 min: 23% to
35%; 67 min- the end, 35% to 90%. Data were acquired at defined 32 x 50 Th isolation windows from m/z 400 to 1,200. The collision
energy was ramped linearly as a function of the mobility from 59 eV at 1/Ko=1.6 (V-s)/cm? to 20 eV at 1/K=0.6 (V-s)/cm?. The re-
corded raw files were analyzed using the DIA-NN search engine to match with the UniProt Human proteome database
(UP000005640) with a peptide identification false discovery rate <1%. The peak area of all unique peptides per protein was normal-
ized to the protein quantifications.

Proteomics data processing

Statistical analysis was performed in MetaboAnalyst (version 5.0) including heatmaps, principal component analysis, and volcano
plot. Log, transformed abundance for each protein were used for heat map generation. Clustering method was set using
the “Ward” method with distance measurement using “Euclidean distance” setting. Group differences were calculated using
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one-way ANOVA (Fisher’s LSD, p< 0.05) and a false discovery rate of 5% to control for multiple comparisons. GSEA was
performed using DAVID (version 6.8) and clusterProfiler (version 4.6.2) on the output of the global proteomics data.®>°®
Briefly, gene IDs from each protein were converted to Entrez IDs and ranked by incorporating p-value and fold change using
formula: -log+o(p.value)*log.(FC). GSEA was performed on the ranked list utilizing KEGG database in FGSEA method.*®°° Bar and
cnet plots were generated using enrichplot package in R Studio (version 1.4).

Western blot

Approximately 3 million cells were collected and washed twice with PBS. Cell pellet was lysed in 40 uL RIPA buffer (Thermo Fisher
Scientific 89901) containing protease inhibitor cocktail (Sigma-Aldrich 11697498001) and incubated on ice for 10 min. Lysate was
centrifuged at 17,000 xg for 15 min 4 °C. The supernatant was collected, quantified, and diluted with 3x blue loading buffer containing
125 uM DTT (Cell Signaling Technology 7722S) and incubated at 80 °C for 10 min. An equal amount of protein in the range of 25-40 nug
was loaded in each lane of the NuPAGE 4-12% Bis-tris gel (Fisher Scientific WG1401) and transferred onto nitrocellulose membranes
(Thermo Fisher Scientific IB23002) using electrophoretic semi-dry western blot transfer system. Membranes were blocked with TBS
blocking buffer (Thermo Fisher Scientific 37535) for 1 hr at room temperature and incubated with primary antibody diluted in TBS-T
(TBS with 0.1% Tween?20): blocking buffer 1:1 overnight at 4 °C. Membranes were washed three times in TBS-T and then incubated
with secondary antibodies diluted at 1:10,000 in 1:1 TBS-T: blocking buffer for 1 hr at room temperature. Membrane was washed
three times in TBS-T and imaged on LI-COR Odyssey infrared imaging system. Images were collected and optimized contrast set-
tings using the Image Studio software. For affinity pull-down assay followed by western blot, 1 mg protein was mixed with 1 mg lipid
or an equal amount of vehicle or biotin-PEG-SH in 1 mL Cell Lysis Buffer. After pull-down, proteins were eluted from beads in SDS
buffer with DTT and all elution samples were loaded in NUPAGE gel.

Quantitative PCR

RNA from cells was isolated using RNeasy Mini Kit (Qiagen 74136) according to the manufacturer’s instructions. Extracted RNA was
reverse transcribed to cDNA and gPCR reactions were performed using Power SYBR Green PCR Master Mix (Thermo Fisher Sci-
entific 4368577) and analyzed on the ViiA 7 Real-Time PCR System (Thermo Fisher Scientific) according to the manufacturer’s in-
structions. TBP transcript was used as the housekeeping gene for the normalization of other target genes. The forward and reverse
gPCR primers used in the study are listed in Table S2. For gPCR assays, 3 technical replicates were used.
Immunofluorescence

Cells were seeded on 8-well chambered slides (Celltreat 229168) at 0.05 million cells per well and cultured overnight. Cells were
treated with 50 uM biotinylated phospholipids for 6 hr. Cells were fixed using 4% paraformaldehyde for 20 min and blocked using
10% normal goad serum for 1 hr as previously described.'”? Cells were co-stained with cy5 conjugated streptavidin (ApexBio
K1080), anti-Calnexin antibody, anti-COX IV antibody, anti-Giantin antibody, and anti-LAMP1 antibody at 1:250 dilution overnight
at 4 °C and then stained with secondary antibodies at 1:500 dilution at room temperature for 1 hour. Slides were finished by adding
VECTASHIELD mounting medium (Vector Laboratories H-1900) and covered with clean cover glass. Forimmunofluorescent imaging
of TfR1, cells were treated with 100 uM phospholipids for 4 hr and then fixed and stained with anti-TfR1 antibody at 1:250 dilution
overnight. For all immunofluorescence assays, at least 2 biological replicates were performed.

Live-cell imaging

Cells were seeded in 8-chamber coverglass (Thermo Fisher Scientific 15541 1PK) at 0.05 million cells per well and cultured overnight.
For measuring lipid ROS, cells were treated with serum-free culture medium containing 5 uM Liperfluo (Dojindo L248-10) for 30 min
before treatment with 100 uM phospholipids for 4 hr. Cells were washed once with HBSS containing calcium and magnesium and
then treated with HBSS containing 50 nM MitoTracker deep red (Invitrogen M22426) and 1 uM ER-Tracker blue-white (Invitrogen
E12353) for 30 min at 37 °C. Cells were washed once with HBSS and imaged using confocal microscope. For measuring mitochon-
drial membrane potential, cells were treated with 100 uM phospholipids for 4 hr and stained with HBSS containing 250 nM rhoda-
mine123 (Sigma-Aldrich 83702), 50 nM MitoTracker deep red, and NucBlue (Thermo Fisher Scientific R37605) for 30 min at 37 °C. For
measuring mitochondrial superoxide, cells were stained with HBSS containing 5 uM MitoSOX green (Thermo Fisher Scientific
M36006), 200 nM MitoTracker deep red, and NucBlue for 30 min at 37 °C. For measuring mitochondrial lipid ROS, cells were stained
with HBSS containing 200 nM mitoCLox (Lumiprobe 3549), 50 nM MitoTracker deep red, and NucBlue for 30 min at 37 °C. For all live-
cell imaging assays, at least 2 biological replicates were performed.

Image collection and processing

All slides were imaged by Zeiss LSM800 confocal microscope with 63x/1.40 Oil DIC objective. Allimaging parameters including laser
power, scanning speed, and scanning area remained constant for each experiment. Images were captured randomly across each
well to ensure unbiased data collection. Quantification of the fluorescence intensity was performed using CellProfiler-4.0.7
(CellProfiler Image Analysis Software, RRID:SCR_007358). The mean fluorescent intensity in each channel image was measured
and exported. The colocalization of channels was performed using the implemented MeasureColocalization tool in CellProfiler.
Two selected channels were corrected using ImageThreshold tool to reduce the background and analyzed using colocalization met-
rics for pixels above a certain threshold which was set as 20% of the maximum intensity of the image. Pearson’s coefficient was used
to represent the correlation of pixel intensity between the two channels. For cell identification, the implemented object identification
tool was used to first identify nucleus in the DAPI channel and then identify cell region by propagation around the nucleus. Membrane
was defined as the outer 5-pixel region of the cell boarder as previously described.?®
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Oxygen consumption rate (OCR)

OCR was measured using Oxygen Consumption Rate Assay Kit (Cayman Chemical Company 600800) following manufacturer’s in-
structions. IGROV-1 cells were seeded in 96-well black clear bottom plate at 0.5 million cells per well and pretreated with 100 uM
phospholipids or 1 uM RSL3 in culture media for 2 hr. Media wad switched to HBSS containing each treatment and phosphorescent
oxygen probe. Plate was immediately scanned using Tecan plate reader standard fluorescent measurement in kinetic mode for 4 hr.
For OCR assays, 3 technical replicates and 2 biological replicates were performed.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis including unpaired t-test and ANOVA was performed using GraphPad Prism 9 in most figures unless otherwise

stated in the figure legend. All data shown are representative data of at least two independent experiments with similar outcomes
to ensure replication. Data are plotted as mean + SD. No data or samples were excluded in the study.
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Figure S1. PC-PUFA;s induce ferroptosis, related to Figure 1

(A) Viability of HT-1080 cells treated with 100 M phospholipids with different head groups with or without 10 uM ferrostatin-1 (Fer-1) for 24 h. Data shown as
mean + SD of n = 3 technical replicates.

(B) Viability of IGROV-1 cells co-treated with 50 uM PC(22:6, 22:6) or PC(20:4, 20:4) and 10 uM Fer-1, 100 uM DFO, 20 pM Z-VAD-FMK, 20 uM Nec-1s, or 100 nM
Baf-A1 for 24 h. Data shown as mean + SD of n = 3 technical replicates.

(C) IGROV-1 cells treated with 100 uM PC for 4 h were immunostained with TfR1 antibody. Representative images showing TfR1 staining. Scale bars, 20 um.
(D) Lipid peroxidation measured by C11-BODIPY®"5%" in HT-1080 cells treated with 100 uM PC and PE with or without 10 uM ferrostatin-1, or 1 uM RSL3 for 4 h.
(E) IGROV-1 cells were treated with PC or vehicle for 5 h and whole-cell lysate was analyzed for western blot detection of phospho-MLKL, pro and cleaved
caspase-3.

(F) Dose response of FINO, in HT-1080 cells pre-treated with 15 uM PC(22:6, 22:6) for 8 h. Data shown as mean + SD of n = 2 technical replicates.

(G) The signal intensity of monoacyl-PUFA-PLs normalized to protein concentration of each cell sample is plotted as mean + SD of n = 3 biological replicates.
Statistical analysis of PC abundance between ferroptosis-sensitive and resistant cells. Data plotted as mean + SD of n = 10 for each group.

(H) Volcano plot of PLs and lysoPLs differentially enriched in the hippocampus of 59-week-old vs. 3-week-old mice. Data cutoff at fold change > 1.5 and FDR
adjusted p < 0.05. Significantly depleted diacyl-PUFA-PLs and enriched lysoPLs are labeled.

() Heatmaps (one-way ANOVA; FDR-corrected p < 0.05) of diacyl-PUFA-PLs and monoacyl-PUFA-PLs in 59-week-old and 3-week-old mice. Top 14 differentially
expressed lipids are shown.

(J) Lipids from brain tissue of Huntington’s disease (HD, n = 21) and normal cases (control, n = 25) were extracted and analyzed by LC-MS-based lipidomics.
The relative signal intensity of annotated diacyl-PUFA-PLs compared with control samples is plotted as mean + SD. Two-way ANOVA: *p < 0.03,
**p < 0.002,**p < 0.0002, ***p < 0.0001.
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(A) A549 cells were treated with 25 M PC(18:0, 20:4) or PC(20:4, 20:4) for 6 h. The relative signal intensity compared with untreated samples of PEs detected is
plotted as mean + SD of n = 3 biological replicates.
(B) A549 cells were treated with 25 pM PS(20:4, 20:4) or PG(20:4, 20:4) for 6 h. The relative signal intensity of PS(20:4, 20:4) and PG(20:4, 20:4) compared with
vehicle are plotted as mean + SD of n = 3 biological replicates.
(C) Dose response of deuterated lipids with or without 10 uM Fer-1 in HT-1080 at 24 h. Data shown as mean + SD of n = 2 technical replicates.

(D) IGROV-1 cells were treated with 25 pM [d11]-PC(18:0, 20:4) or [d22]-PC(20:4, 20:4) for 6 h. The relative signal intensity of non-deuterated lipids compared with
untreated samples are plotted as mean + SD of n = 4 biological replicates. Unpaired t test and two-way ANOVA: *p < 0.03, **p < 0.002, **p < 0.0002,

****p < 0.0001.
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Figure S3. PC-PUFA; is involved in dietary fatty acid remodeling, related to Figure 3

(A) IGROV-1 cells were treated with 25 1M DHA or ARA with or without co-treatment of 30 uM phospholipase A2 inhibitor (PLA2i) ONO-RS-082 for 6 h. The relative
signal intensity of PC and PE compared with untreated samples are plotted as mean + SD of n = 3 biological replicates.

(B) Cas9 overexpressing HT-1080 were transiently transfected with non-targeting or ACSL4-targeting sgRNA to achieve CRISPR knockdown. Viability is shown
for knockdown cells treated with 1 uM RSL3 or 100 uM PC for 24 h. Data shown as mean + SD of n = 2 (left) and n = 3 (right) technical replicates. The knockdown
efficiency was confirmed by gPCR and western blot. Empty lanes are cut and indicated by the dotted line. gPCR data is shown as mean + SD of n = 3 technical
replicates. One-way and two-way ANOVA: *p < 0.03, *p < 0.002, ***p < 0.0002, ***p < 0.0001.
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Figure S4. PL-PUFA,s exhibit interaction with mitochondrial electron transport chain, related to Figure 4
(A) HT-1080 whole-cell lysate was incubated with biotinylated phospholipids, vehicle, or biotin, and phospholipid-bound proteins were identified by MS-based

proteomics. Heatmap (one-way ANOVA; FDR-corrected p < 0.05) showing the top 25 hits of differentially enriched genes among all groups. n = 3 technical
replicates are shown for each group.

(B) Dose response of PC(22:6, 22:6) in IGROV-1 cells transfected with pooled siRNAs targeting 11 proteins identified in the heatmap. Relative viability is compared
with vehicle-treated group and is plotted as mean + SD of n = 4 technical replicates.

(C) Gene set enrichment analysis of genes enriched and depleted in PL(22:6, 22:6) compared with PL(18:0, 22:6). Top pathways and related genes are shown with
p.adjusted < 0.1. A part of the detailed view of the chemical carcinogenesis—reactive oxygen species is shown.

(legend continued on next page)
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(D) HT-1080 cells were treated with 50 uM biotinylated PL(22:6, 22:6) for 6 h and immunostained with streptavidin-cy5. Representative images showing PL stain.
Scale bars, 20 pm.

(E) HT-1080 cells were treated with 25 uM PC(22:6, 22:6) for 6 h. Mitochondria were isolated, and lipids from mitochondria and the rest of the cell compartments
were extracted. The signal intensity of PC(22:6, 22:6) is normalized to protein concentration of each sample and presented as fold change to untreated samples.
Data are plotted as mean + SD of n = 3 biological replicates. Two-way ANOVA: *p < 0.03, **p < 0.002, ***p < 0.0002, ****p < 0.0001.
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Figure S5. PC-PUFAs induces mitochondrial stress, related to Figure 5

(A) Representative images of rhodamine123 and MitoTracker deep red staining in IGROV-1 cells treated with 100 uM PC, vehicle, or 10 uM antimycin A for 4 h.
Scale bars, 20 pm.

(B) Bright-field images of HT-1080 cells treated with 100 uM PC(22:6, 22:6) or 1 uM RSL3 after the course of oxygen consumption rate (OCR) assay for 6 h. Scale
bars, 200 pm.

(legend continued on next page)
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(C) Representative images showing MitoSOX green and MitoTracker deep red staining in IGROV-1 cells treated with 100 uM PC(22:6, 22:6) with or without 10 uM
Fer-1 and 0.2 uM MitoQ for 4 h. Scale bars, 20 pm.

(D) Lipid peroxidation measured by C11-BODIPY%8"%" in IGROV-1 cells treated with 10 pM antimycin A or 5 uM rotenone for 4 h.

(E) Viability of IGROV-1 cells co-treated with PC(22:6, 22:6) and VDAC1 inhibitor, DIDS for 24 h (left). IGROV-1 cells were knocked down with pooled siRNA
targeting VDAC1, VDAC2, or VDAC3 and then co-treated with PC(22:6, 22:6) for 24 h (right). Data shown as mean + SD of n = 3 technical replicates.

(F) HT-1080 cells overexpressing mCherry-Parkin were treated with 12.5 uM CCCP for 48 h to induce mitophagy. Fluorescent images of MitoTracker deep red
are shown. Scale bars, 20 um. Relative fluorescent intensity compared with control is plotted as mean + SD of n = 9-10 images. MT-DNA transcript was measure
by gPCR. Data shown as mean + SD of n = 3 technical replicates. Dose response curve of PC(22:6, 22:6) in CCCP-treated cells. Data shown as mean + SD of n=2
technical replicates. Unpaired t test and two-way ANOVA: *p < 0.03, **p < 0.002, ***p < 0.0002, ***p < 0.0001, not significant (ns).
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Figure S6. PC-PUFA,s induce lipid peroxidation, but not an unfolded protein response in ER, related to Figure 6
(A) IGROV-1 cells were treated with 100 uM PCs for 4 h. Representative images of cells co-stained with Liperfluo and MitoTracker and ER-Tracker. Scale bars,

20 um.

(B) The transcript level measured by gPCR and protein level measured by western blot of UPR mediators, XBP1s, ATF4, and GADD153 in IGROV-1 cells treated
with 25 uM PC, 1 uM brefeldin A, or 1 uM thapsigargin (Tg) for 24 h. gqPCR data is shown as mean + SD of n = 3 techincal replicates.

(C) Mitochondrial lipid peroxidation measured by mitoCLox in IGROV-1 cells treated with 100 pM PC(22:6, 22:6) for 4 h. Cells were co-stained with ER-Tracker or
MitoTracker. Fluorescent images are shown as composite of Liperfluo in green and ER-Tracker or MitoTracker in pseudo-magenta. Scale bars, 20 um. Relative
fluorescent intensity compared with control is plotted as mean + SD of n = 135-145 cells. Unpaired t test and two-way ANOVA: *p < 0.03, **p < 0.002,

***p < 0.0002, ***p < 0.0001, not significant (ns).
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