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SUMMARY
There is a continued unmet need for treatments that can slow Parkinson’s disease progression due to the
lack of understanding behind the molecular mechanisms underlying neurodegeneration. Since its discovery,
ferroptosis has been implicated in several diseases and represents a therapeutic target in Parkinson’s
disease. Here, we use two highly relevant human dopaminergic neuronal models to show that endogenous
levels of a-synuclein can determine the sensitivity of dopaminergic neurons to ferroptosis. We show that
reducing a-synuclein expression in dopaminergic neurons leads to ferroptosis evasion, while elevated a-syn-
uclein expression in patients’ small-molecule-derived neuronal precursor cells with SNCA triplication causes
an increased vulnerability to lipid peroxidation and ferroptosis. Lipid profiling reveals that ferroptosis resis-
tance is due to a reduction in ether-linked phospholipids, required for ferroptosis, in neurons depleted of
a-synuclein (a-syn). These results provide a molecular mechanism linking a-syn levels to the sensitivity of
dopaminergic neurons to ferroptosis, suggesting potential therapeutic relevance.
INTRODUCTION

Parkinson’s disease (PD) is pathologically defined by dopami-

nergic neurodegeneration, a-synuclein (a-syn) aggregation,

and deposition within Lewy bodies as well as iron accumulation

in the substantia nigra pars compacta (SNc) (Dexter et al., 1989a;

Spillantini et al., 1997; Schneider and Obeso, 2015). These path-

ological hallmarks have encouraged the progress of therapeutic

avenues toward dopamine restoration, mitigating the aggrega-

tion of a-syn and iron chelation. Despite symptomatic relief, a

huge unmet need remains for efficient disease-modifying

therapies that can reduce dopaminergic neuron death and thus

disease progression. To overcome this demand, a better under-

standing of the mechanisms involved in the development of

these pathological hallmarks and their dynamic relationship to
This is an open access article under the CC BY-N
cell death is required. For many years, neuronal death in PD

was considered to be caused via apoptosis (Ziv et al., 2001).

This was mainly due to the fact that until recently, the use of

oncogenic cell lines (e.g., neuroblastoma) greatly limited the

types of regulated cell death that were able to be identified

(Galluzzi et al., 2018). Since the field continues to expand, novel

mechanisms that orchestrate multiple cell-death pathways have

been unveiled. This is in part due to a greater use of primary cul-

tures and the capacity to separate key differences in cell-death

mechanisms, which has resulted in more cell-death processes

implicated with disease mechanisms (Guiney et al., 2017; Gal-

luzzi et al., 2018). More recently, ferroptosis was identified as a

novel cell-death pathway characterized by iron-dependent lipid

peroxide accumulation (Dixon et al., 2012; Stockwell et al.,

2017) and is increasingly implicated in various human diseases
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as well as in vivo disease models (Friedmann Angeli et al., 2014;

Do Van et al., 2016; Martin-Sanchez et al., 2017; Karup-

pagounder et al., 2018; Alim et al., 2019; Devos et al., 2019).

The initiation, execution, and inhibition of ferroptosis lies at the

intersection of the metabolism of amino acids, lipids, and iron

(Tang et al., 2021). The peroxidation of polyunsaturated fatty

acids (PUFAs) in the membrane phospholipids (PLs) is a key

step in promoting ferroptosis (Yang et al., 2016). Therefore, the

lipid composition of the plasma membrane can determine

cellular susceptibility to ferroptosis whereby long-chain PUFAs

increase the risk for lipid peroxidation, while monounsaturated

fatty acids (MUFAs) appear to decrease such risk (Magtanong

et al., 2019). We have previously shown that ferroptosis is indeed

a prevalent mechanism for neuronal cell death in in vitro and

in vivo pro-oxidant models of PD (Do Van et al., 2016; Maho-

ney-Sánchez et al., 2020), and there is an indication that some

familial patients with PD carry mutations in proteins important

in modulating pathways that alter ferroptosis sensitivity (Cao

et al., 2020; Vallerga et al., 2020).

In addition to being a major component of Lewy body pathol-

ogy, a-syn is implicated in PD causality by genome-wide associ-

ation studies of sporadic PD and autosomal dominantly inherited

mutations and duplication/triplication in theSNCA gene that lead

to various clinical phenotypes ranging from typical late-onset to

rapid progressive early-onset familial PD (Zhang et al., 2018a;

Blauwendraat et al., 2019). Despite the genetic support for the

involvement of a-syn in PD pathology, neither the physiological

function nor the neuropathological mechanisms of this protein

are fully understood. In this study, we sought to investigate the

potential implication of endogenous a-syn in ferroptosis sensi-

tivity given the evidence implicating a-syn with an altered lipid

metabolism, particularly the plasma membrane PUFA composi-

tion (Sharon et al., 2001, 2003; Golovko et al., 2005, 2006, 2007;

Barceló-Coblijn et al., 2007). Here, we demonstrate that a-syn

plays a pivotal role in dopaminergic neuron survival by regulating

PL membrane composition; specifically, the ether-linked PLs

(ether-PLs) essential for ferroptotic cell death (Zou et al., 2020;

Cui et al., 2021). Suppression of a-syn expression markedly de-

creases the proportion of ether-PLs in the plasma membrane of

dopaminergic neurons, increasing the resistance to ferroptosis

in neurons to a comparable level as when the major ferroptotic

regulator acyl-coenzyme A (CoA) synthetase long-chain family

member 4 (ACSL4) is reduced. Conversely, elevated levels of

a-syn in human small-molecule-derived neuronal precursor cell

(smNPC)-derived midbrain neurons with SNCA triplication

render neurons more vulnerable to ferroptosis-induced lipid
Figure 1. Depletion of a-synuclein selectively protects dopaminergic n

(A) Representative western blot analysis of a-synuclein (a-syn) and ACSL4 KD in

(B) Non-linear regression dose curves for viability in control (Ctrl), a-syn, and ACS

and erastin or the apoptosis inducer staurosporine (STS). Curves were fitted, and

were statistically significant.

(C) Lipid peroxidation as assayed by flow cytometry using the C11-BODIPY prob

(D) Representative western blot analysis of LUHMES with wild-type a-syn (WT) o

(E) Viability curves for WT and 140 a-syn KO clones in response to treatment (24

F tests were performed to assess whether differences were statistically significa

(F) Lipid peroxidation analysis of WT and 140 a-syn KO clones after treatment w

All data are represented asmean ± SEM of three independent experiments. Comp

*p < 0.05, ** p > 0.01, ***p < 0.001.
peroxidation and cell death. The discovery of a-syn as a positive

modulator of ferroptosis in two distinct dopaminergic neuronal

models supports ferroptosis as a key mechanism involved in

the pathology of PD and provides potential ferroptosis-based

therapeutic opportunities in the disease.

RESULTS

Depletion of a-synuclein selectively protects neurons
against ferroptosis
To investigate the impact of a-syn on ferroptosis, a-syn was

knocked down (KD) by small interfering RNA (siRNA) in

LUHMES cells (Figure 1A, S1A, and S1B), a relevant human

neuronal precursor cell line that can be differentiated into a

mature, post-mitotic homogeneous dopaminergic cell popula-

tion. As ACSL4 is a well-established pro-ferroptotic modulator

involved in enriching cellular membrane with PUFAs (Doll et al.,

2017), all readouts were compared with KD of this enzyme in

the same dopaminergic cell line. Reducing both a-syn and

ACSL4 expression significantly protected neurons against both

RSL3 and erastin-induced ferroptosis, while no difference in

sensitivity was observed against staurosporin (STS)-triggered

apoptosis (Figure 1B), suggesting a ferroptosis-specific effect.

Of note, since a-syn modulation was still observed when ferrop-

tosis was triggered through a downstream component (e.g.,

glutathione peroxidase 4 [GPX4] inhibition via RSL3), it is likely

that the ferroptosis-associated mechanism involving a-syn is

not upstream of GPX4. Ferroptotic cell death ultimately occurs

due to a cellular imbalance in elevated lipid peroxides that

outweigh the capacity for GPX4 to act as a reductant in the pres-

ence of glutathione, and thus lipid peroxidation is a classic fer-

roptosis biomarker. Using the specific ferroptosis-inducer

RSL3 and the fluorescent probe C-11 BODIPY to measure lipid

reactive oxygen species (ROS) by flow cytometry, a depletion

of a-syn levels was shown to mitigate ferroptosis-dependent

lipid peroxidation to a similar level as ACSL4 KD (Figure 1B).

To support the initial findings observed with acute KD of a-syn

by siRNA, we established two stable cell lines that lack the main

140 amino acid isoform of a-syn (referred to as F6 and G5 �140

a-syn knockout [KO]) (Figures 1D and S2). These two isoform-

specific KO cell lines were generated by CRISPR-Cas9 genome

modification, whereby exon 3 in the SNCA locus was targeted

in LUHMES cells. Through non-homologous end-joining (NHEJ)

repair, the insertion of an extra guanidine that caused a shift in

the reading frame (clone F6) or a deletion of 7 nucleotides (clone

G5) led to alternative splicing of the SNCA gene (Figure S2A)
eurons from ferroptosis comparative to ACSL4

LUHMES cells compared with control siRNA KD.

L4 KD LUHMES cell upon treatment (24 h) with the ferroptosis inducers RSL3

extra sum-of-squares F tests were performed to assess whether differences

e, in Ctrl, a-syn, or ACSL4 KD LUHMES cells treated with RSL3 (20 nM; 6 h).

r two 140 a-syn KO clones.

h) with RSL3, erastin, or STS. Curves were fitted, and extra sum-of-squares

nt.

ith RSL3 (15 nM; 24 h).

arisons in (C) and (F) were made using the two-tailed, unpaired Student’s t test;
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Figure 2. a-syn and ACSL4 mediate dopaminergic neuron sensitivity to ferroptosis induced by arachidonic acid and iron

(A) Schematic representation of amore physiologically relevant model of ferroptosis in which differentiated LUHMES cells were treated with arachidonic acid (AA)

(20 mM) followed by FeCl3:NTA (20 mM) before measuring lipid peroxidation or cell viability at 24 and 48 h, respectively. NTA, nitrilotriacetic acid.

(B and C) Lipid peroxidation (B) and cell viability (C) in Ctrl, a-syn, or ACSL4 KD LUHMES cells using the AA + Fe model of ferroptosis.

(D) Cell viability for WT and 140 a-syn KO LUHMES clones in response to AA + Fe co-treatment (48 h).

Results are expressed as mean ± SEM of three independent experiments. Statistical comparisons were made using two-tailed, unpaired Student’s t test;

*p < 0.05, **p < 0.01, ***p < 0.001.
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that deleted the full-length 140 a-syn isoform (Figures S2B–S2D).

In line with our previous findings, both 140 a-syn KO clones were

found to be more resistant to ferroptosis induced by erastin and

RSL3 but had no effect on apoptosis sensitivity (Figure 1E).

Consistent with the KD experiments, both 140 a-syn KO sub-

clones also exhibited reduced RSL3-induced lipid peroxidation

accumulation compared with the wild-type (WT) parental line

(Figure 1F).

Arachidonic-acid- and iron-induced ferroptosis is
mediated by a-synuclein expression
Two key pathological hallmarks of PD include iron overload

(Dexter et al., 1989a; Ayton et al., 2015; Moreau et al., 2018)

and elevated lipid peroxidation (Dexter et al., 1986, 1989b; de Fa-

rias et al., 2016) in the SNpc. Of note, impaired metabolism of

fatty acids (FAs) with higher levels of membrane PUFAs are

evident in both PD and dementia with Lewy bodies (DLB) post-

mortem brain (Sharon et al., 2003). In an attempt to model a

more physiologically relevant environment to induce ferroptosis

that also has relevance to PD, the abundant brain PUFA arachi-

donic acid (AA) and FeCl3 were studied in combination at doses

that were subtoxic when administered separately (Figure 2A).

Specific induction of ferroptosis cell death and lipid peroxidation
4 Cell Reports 40, 111231, August 30, 2022
has recently been confirmed in this model, and a range of known

ferroptosis inhibitors (e.g., deferiprone, ferrostatin-1, and liprox-

statin), aswell as genetic depletion of ACSL4 or 15/15B lipoxyge-

nases (ALOX15/15B), protect neurons against ferroptotic cell

death and lipid peroxidation (Bouchaoui et al., unpublished data).

The depletion of a-syn in LUHMES neurons co-treated with AA

and iron (Fe)protectedagainstboth lipidperoxidegeneration (Fig-

ure 2B) and cell death (Figure 2C), similar to that observed with

pharmacologically induced ferroptosis (Figure 1). Levels of pro-

tection by a-syn depletion were comparable to KD of ACSL4

(Figures 2B and 2C). A similar protection against AA- and Fe-

induced cell death was also observed in both 140 a-syn KO sub-

clones (Figure 2D). Taken together, these findings, in addition to

prior studies, support a-syn having a role in the metabolisms of

PUFAs (Sharon et al., 2003; Barceló-Coblijn et al., 2007; Golovko

et al., 2005, 2006, 2007) and subsequently indicate that a-syn

specifically mediates the sensitivity of dopaminergic neurons to

ferroptosis induced by the toxic combination of AA and Fe.

a-Synuclein levels determine ferroptosis sensitivity in
patient-derived midbrain neurons
To determine that observations in the LUHMES neurons were

not due to a cell-specific phenotype, a second in vitro human



Figure 3. a-syn enhances ferroptosis in human smNPC-derived midbrain neurons

(A) Differentiation protocol of human fibroblast into midbrain dopaminergic neurons (mDANs).

(B) Western blot confirmation of a-syn expression in smNPC-derived midbrain neurons comparing the isogenic Ctrl (C4-WT) with a CRISPR-Cas9-generated

SNCA KO (C4-SNCA KO) or familial SNCA triplication to its isogenic Ctrl.

(C and D) Cell viability curves for WT versus SNCA KO (C) and SNCA Trip versus isogenic WT (D) mDANs in response to RSL3 or STS (24 h). Curves were fitted,

and extra sum-of-squares F tests were performed to assess whether differences were statistically significance.

(E and F) Lipid peroxidation upon erastin treatment (80 mM; 6 h) in WT and SNCA KO as well as isogenic WT and SNCA Trip human mDANs.

(G) Lipid peroxidation upon erastin treatment (80 mM; 6 h) in SNCA Trip mDANs transfected with a-syn siRNA relative to Ctrl KD SNCA Trip mDANs.

Data represent mean ± SEM in aminimum of three independent experiments. Statistical comparisons were made the one-tailed, unpaired t test (F) or two-tailed t

test (E and G); *p < 0.05, **p < 0.01, ***p < 0.001.
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cell model was studied. Human midbrain dopaminergic neurons

(mDANs) differentiated from smNPCs (Figure 3A) were either

genetically modified by CRISPR-Cas9 to knock out a-syn (C4-

SNCA KO) or derived from a patient with a triplication in SNCA

(SNCA Trip) (Figure 3B). Comparing C4-SNCA KO with the C4-

WT isogenic control confirmed that an absence of a-syn

rendered mDANs more resistant to RSL3-induced ferroptosis

but had no effect on sensitivity to STS-induced apoptosis (Fig-

ure 3C). In contrast, mDANs carrying SNCA triplication were

more vulnerable to RSL3 toxicity when compared with their

isogenic control (Iso WT) despite having no observable differ-

ence in their response to STS (Figure 3D). Paralleling the

selective changes to ferroptotic cell death, lipid peroxidation

levels in response to ferroptosis induction was lower in the

C4-SNCA KO mDANs (Figure 3E) and higher in the SNCA Trip

mDANs (Figure 3F) when compared with their respective Iso

WT controls. Importantly, the triplication of SNCA alone sufficed

to trigger lipid peroxidation under basal control conditions,

indicating that an increase in a-syn levels could prime the cells

to be more sensitive to ferroptosis (Figure 3F). To further confirm

that the observed changes to lipid peroxidation in the SNCA Trip
neurons were specifically due to an elevation of a-syn, we

performed siRNA to reduce a-syn expression back to similar

levels observed in the isogenic control (Figures 3G, S3A, and

S3B). As expected, knocking down a-syn in the SNCA Trip

neurons significantly reduced the levels of ferroptosis-induced

lipid peroxidation (Figure 3G). Taken together, these findings

further support a-syn as a positive modulator of ferroptosis in

mDANs.

a-Synuclein modulates the composition of ether-PLs in
the plasma membrane
Prior studies have shown altered FA composition in response to

abnormal a-syn levels in both in vitro and in vivo models as well

as human brain (Sharon et al., 2001, 2003; Golovko et al., 2005,

2006, 2007; Barceló-Coblijn et al., 2007). Overexpression of

a-syn increases levels of AA, linoleic acid, and dihomo-g-linoleic

acid, while the absence of a-syn reduces the PUFA content in

brain PLs (Sharon et al., 2003; Golovko et al., 2006). Based on

these findings, we hypothesized that the ferroptosis-resistant

phenotype observed in a-syn-depleted neurons could be due

to a reduction in PUFAs present in the PLs.
Cell Reports 40, 111231, August 30, 2022 5



Figure 4. Modulated ether-linked phospholipid composition by a-syn and ACSL4 expression in dopaminergic neurons

(A and B) Total levels (A) and the peroxidability index (see STAR Methods for equation) (B) of phosphatidylcholine (PC) and phosphatidylethanolamine (PE)

phospholipid containing PUFAs measured in a-syn and ACSL4 KD LUHMES cells.

(legend continued on next page)
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In search of potential mechanisms that underlie the observed

evasion from ferroptosis in the a-syn-depleted neurons, PL

membrane composition in the a-syn KD neurons was measured

by mass spectrometry and compared with the effects caused by

a reduction in ACSL4 expression. Similar to previous reports in

other cell types (Doll et al., 2017), the percentages of total phos-

phatidylcholine- and phosphatidylethanolamine-containing

PUFAs (PC PUFAs or PE PUFAs, respectively) were reduced in

the ACSL4-depleted dopaminergic neurons (Figure 4A). A similar

profile was observed when a-syn levels were reduced (Fig-

ure 4A), with no significant changes toMUFA content (Figure S4),

indicating that a-syn may mediate the PL PUFA content in

dopaminergic neurons through a similar pathway as ACSL4.

To elucidate how these changes in PC and PE would impact

on the generation of lipid peroxides, an index of peroxidability

(PI) (Naudı́ et al., 2017) was calculated for each condition (PI =

(% monoenoic FA 3 0.025) + (% dienoic FA 3 1) + (% trienoic

FA 3 2) + (% tetraenoic FA 3 4) + (% pentaenoic FA 3 6) + (%

hexaenoic FA 3 8). This index, which takes into account the

number of double bonds in the PUFAs to determine the risk of

PLs to oxidize, was reduced in LUHMES neurons with either

a-syn or ACSL4 depleted by siRNA (Figure 4B).

Taking more in-depth lipidomic profiling of the different PC

and PE molecular species in neurons with either a-syn or

ACSL4 depleted revealed a prominent and selective loss of

ether-PLs (highlighted in Figure 4C). Unlike ester-linked diacyl-

PLs, ether-PLs possesses an ether bond at the glycerol sn-1

position. Ether-PLs comprise of two subclasses: alkyl-ether

phospholipids (ePLs) and vinyl-ether phospholipids, also known

as plasmalogens (pPLs). In the sn-2 position, ether-PLs most

often contain a PUFA, which is prone to peroxidation. Finally,

in the sn-3 position, ether-PLs present a polar head group,

commonly a phosphoethanolamine and phosphocholine

(Figures 4D and 4E). Of note, recent studies have shown that

ether-PLs are essential for ferroptosis and that a reduction in

ether-PLs suffices to protect cells against this unique cell-death

pathway (Zou et al., 2020; Cui et al., 2021). In line with these

findings, reduced a-syn or ACSL4 expression in LUHMES cells

resulted in a specific downregulation of ether-linked PC (ether-

PC) and PE (ether-PE) (Figures 4C and 4F). Upon evaluating

specific ether-PL species previously associated with an

increased vulnerability to ferroptosis (Cui et al., 2021), several

were observed to be consistently downregulated in LUHMES

dopaminergic neurons where a-syn or ACSL4 was depleted

(Figures S5A and S5B). Taken together, these findings indicate

that a key factor in a-syn’s capability to mediate the sensitivity

of dopaminergic neurons to ferroptosis-induced lipid peroxida-

tion and cell death is through ether-PL modulation in the plasma

membrane.
(C) Heatmaps comparing the abundance of the different PC and PE molecular sp

yellow are ether-linked phospholipids shown to be reduced in both the a-syn an

(D) Schematic representation of the distinct structures of diacyl phospholipids a

(E) The chemical structure of an example alkyl-ether PL, PE (16:0e/20:4), and a p

(F) Volcano plots of the expression changes to the phospholipids, with each subt

(right) LUHMES cells.

Data represent mean of six replicates. Statistical mean comparisons in (A) and (B)

(C) are represented as a log2 fold change.
The level of ether-PL in a-syn-depleted neurons is
restored upon AA treatment
A reduction in ether-PLs upon a-syn depletion could be ex-

plained by (1) greater peroxidation of the PUFAs within the

ether-PLs, (2) increased removal from the plasma membrane

by the relevant phospholipase, and/or (3) impaired biosynthesis.

The loss of all molecular species of ether-PLs, regardless of FA

length or saturation status (Figure 4C), indicates an unlikelihood

that reduced a-syn caused greater peroxidation of the PUFA in

the ether-PLs, and thus this avenue of investigation was not pur-

sued further. The calcium-independent phospholipase A2

(iPLA2) has been implicated in the removal of ether-PLs from

the plasma membrane (Wolf and Gross, 1985; Ford et al.,

1991; Yang et al., 1996). However, a lack of change to iPLA2 in

the a-syn-depleted neurons makes increased enzymatic

removal of ether-PLs from the plasmamembrane also an unlikely

protective mechanism (Figure 5A).

To assess whether the observed downregulation of

ether-PLs in the a-syn KD cells might be driven by defective

biogenesis at the peroxisome, established peroxisome

markers (peroxisomal biogenesis factors 3 and 14 [PEX3

and PEX14, respectively]) were assessed along with the

enzymes (fatty acyl-CoA reductase 1 [FAR1], glyceronephos-

phate O-acyltransferase [GNPAT], alkyldihydroxyacetone-

phosphate synthase [AGPS], and 1-acylglycerol-3-phosphate

O-acyltransferase 3 [AGPAT3]) required for the synthesis of

the ether-PL precursor 1-O-alkyl-glycerol-3-phosphate (AGP)

(Figures 5A–5C). Again, similar to ACSL4 KD, neither levels

of peroxisome markers or the relevant upstream proteins

required for ether-PL biogenesis were altered (Figures 5A

and 5B), suggesting that the initial stages of ether-PL synthe-

sis were not impaired.

The role of ACSL4 is essential for the generation and incorpo-

ration of PUFA-CoA into the ferroptosis-relevant ether-PL in the

ER (Figure 5C). Supplementation of AA (20 mM), the preferential

substrate of ACSL4, restored ether-PLs back to control levels

in LUHMES depleted of ACSL4 (Figures 5D and 5E). Similarly,

AA supplementation restored the levels of ether-PLs upon

a-syn depletion (Figures 5D and 5E) despite no observable

changes in ACSL4 expression (Figures 5A, S1A, and S1B), sug-

gesting that the changes in ether-PLs may be due to a lack of the

PUFA-CoA required for ether-PL synthesis.

These results provide evidence to support a requirement for

ether-PL in ferroptotic cell death not only in cancer cells (Zou

et al., 2020; Cui et al., 2021) but also dopaminergic neurons,

which have a greater amount of PUFA-containing ether-PLs

(PUFA-ether-PLs) than PUFA-containing diacyl PLs (PUFA-

diacyl-PLs) (Figures S6A and S6B). Furthermore, a-syn appears

to play a critical role in ferroptosis sensitivity in dopaminergic
ecies in a-syn and ACSL4 KD LUHMES cells relative to Ctrl KD. Highlighted in

d ACSL4 KD conditions.

nd the two subtypes of ether-linked phospholipids.

lasmalogen, PE (16:0p/20:4).

ype grouped by color, for a-syn versus Ctrl KD (left) and ACSL4 versus Ctrl KD

weremade using the unpaired one-tailed Student’s t test (*p < 0.05), and data in
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Figure 5. AA treatment restores ether-PL levels in neurons that have a depletion in a-syn or ACSL4

(A and B) Protein (A) and mRNA (B) expression of several key enzymes involved in the ether-PL biosynthesis pathway in a-syn and ACSL4 KD LUHMES. The

relative gene expression was normalized to TBP.

(C) Schematic representation of the ether-PL biosynthesis pathway starting at the peroxisomal level through to the ER. FA, fatty acid; LPA, lysophosphatidic acid;

G3P, glycerol-3-phosphate.

(D) PUFA-ether-PC and PUFA-ether-PE proportion measured in a-syn and ACSL4 after AA (20 mM; 24 h) supplementation.

(E) Volcano plots illustrating changes in the neuronal PE and PC phospholipid composition upon KD of a-syn or ACSL4 and treatment with AA (20 mM; 24 h).

Data represent the mean ± SEM from three independent experiments. Statistical mean comparisons in (B) and (D) were made using the unpaired two-tailed

Student’s t test (*p < 0.05).
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neurons through modulation of ether-PL synthesis, strength-

ening a mechanistic link between endogenous a-syn and ferrop-

tosis in neurons.

DISCUSSION

Ferroptosis has been established as a regulated cell-death

pathway with implications in several diseases (Friedmann Angeli

et al., 2014; Linkermann et al., 2014; Do Van et al., 2016; Martin-

Sanchez et al., 2017; Zhang et al., 2018b; Alim et al., 2019).

Although the precise molecular pathways associated with fer-

roptosis continue to expand and evolve, extensive research to

date has deciphered several key regulatory mechanisms. Here,

we reveal that a-syn mediates the sensitivity of dopaminergic

neurons to ferroptosis by enriching cellular membranes with

ether-PLs. These findings further implicate ferroptosis in PD,

which is supported by prior studies that reveal changes in PD

consistent with ferroptosis, including iron overload (Dexter

et al., 1987, 1989a; Hirsch et al., 1991; Ayton et al., 2015),

elevated lipid peroxidation (Dexter et al., 1986, 1989b; de Farias

et al., 2016), reduced glutathione (GSH) levels (Sofic et al., 1992;

Sian et al., 1994; Pearce et al., 1997; Li et al., 1997), XcT down-

regulation (Vallerga et al., 2020), and CoQ10 reduction (Battino

et al., 1996; Mischley et al., 2012; Bersuker et al., 2019). The po-

tential role of ferroptosis in PD pathology is further strengthened

by the recent finding that DJ-1, a gene linked to autosomal-

recessive early-onset PD (Bonifati et al., 2003), acts as a ferrop-

tosis inhibitor by preserving the transsulfuration pathway and

thereby the biosynthesis of cysteine and GSH (Cao et al.,

2020). Furthermore, a recent analysis associated DNA hyperme-

thylation in the promotor region of the SLC7A11 gene (encoding

the cysteine-glutamate antiporter XcT) to risk of PD. This hyper-

methylation of SLC7A11 results in a downregulation of XcT,

which contributes to the decreased intracellular GSH levels

observed in PD and the increased susceptibility to ferroptosis

(Vallerga et al., 2020). Together, these well-established disease

features strongly implicate ferroptosis in the neurodegeneration

observed in PD. To this extent, we have previously shown that

ferroptosis is a prevalent cell-death pathway in several oxidative

stress models of Parkinsonism (Do Van et al., 2016). Despite this

growing evidence, the implication as to whether ferroptosis is

present in synucleinopathy models remains less clear. The

recent findings that exogenous a-syn oligomers bind the plasma

membrane to drive ferroptotic cell death through lipid peroxide

generation, and that this can be rescued by iron chelators,

D-PUFAs, or ferrostatin-1, provide the first evidence to support

ferroptosis as a pathological mechanisms in synucleinopathies

(Angelova et al., 2020). However, our study now goes further in

implicating endogenous a-syn in the ferroptosis pathway by

demonstrating that cellular a-syn expression can modulate the

sensitivity of dopaminergic neurons to ferroptotic cell death in

a similar way to the pro-ferroptotic enzyme ACSL4. Using two

relevant human dopaminergic neuron in vitro models, we show

that a reduction in a-syn expression protects neurons from fer-

roptosis-induced lipid peroxidation accumulation and subse-

quent cell death. Of relevance, human smNPC-derived midbrain

neurons carrying a familial PD multiplication in SNCA (SNCA

Trip) that results in elevated levels of a-syn has an opposing
effect: increasing the vulnerability of neurons to ferroptosis-

induced lipid peroxidation and cell death. An elevated basal lipid

peroxidation in these SNCA Trip neurons supports similar obser-

vations in lipid ROS levels in SNCA Trip induced pluripotent stem

cell (iPSC)-derived cortical neurons (Angelova et al., 2020) and

suggests a residual priming effect that increases ferroptosis

susceptibility in synucleinopathy conditions where there is an

imbalance in redox homeostasis. Indeed, elevated oxidative

stress and, more specifically, lipid peroxidation markers,

including the metabolite 4-hydroxy-2-nonenal (4-HNE), are con-

spicuous features of sporadic PD pathology (Dexter et al., 1986;

Di Domenico et al., 2017). In this study, a-syn was shown to

determine the sensitivity of neurons to ferroptosis cell death,

while no effect was observed against apoptosis, suggesting a

ferroptosis-specific effect. However, the implication of a-syn in

other cell-death mechanisms such as pyroptosis, parthanatos,

or necroptosis remains unanswered and provides a prospect

for future research.

The role of ether-PLs in health and disease has gained

increasing attention, especially since they were recently shown

to drive ferroptosis in cancer cells (Zou et al., 2020; Cui et al.,

2021). Recent studies have shown that depletion of ether-PL

biosynthesis enzymes (GNPAT, FAR1, AGPS, and AGPAT3)

decreases the level of PUFA-ether-PLs and markedly promotes

ferroptosis resistance, while supplementation of PUFA-ether-

PLs in cells with deficiency in ether-PL synthesis resensitize

these cells to ferroptosis (Zou et al., 2020). Of note, supplement-

ing cells with either PUFA-ether-PLs or their non-ePL counter-

parts has a similar sensitizing effect on ferroptosis suggesting

that PUFA-ether-PLs are not intrinsically more sensitive to per-

oxidation than other PUFA-PLs. However, ether-PLs are essen-

tial in driving ferroptosis, perhaps because they represent an

abundant pool of PUFA-PLs that are available for peroxidation.

This is particularly relevant in neurons, as the brain has the high-

est proportion of ether-PLs, more specifically ether-Pes, which

represent >50% of total PE (Brites et al., 2004). In line with

this, SH-SY5Y neuroblastoma cells acquire sensitivity to ferrop-

tosis as the levels of ether-PLs increase during differentiation

(Zou et al., 2020). Furthermore, the observation that LUHMES

dopaminergic neurons have a greater proportion of PUFA-

ether-PE than PUFA-dyacil-PE (Figures S6A and S6B) suggests

that ferroptosis unfolding in neurons may be governed by perox-

idation of ether-PLs. Here, we describe the importance in a-syn

modulation of ether-PL membrane composition to regulate fer-

roptosis sensitivity in dopaminergic neurons. Similar to ACSL4,

this function of a-syn is not related to the upstream enzymes

involved with the early stages of biosynthesis at the peroxisome

or an abnormal removal from the plasma membrane via iPLA2

since no alteration in protein or mRNA levels was detected. How-

ever, a modulation of the enzymatic activity of such enzymes

cannot be excluded. The restoration of ether-PL levels by AA

in neurons depleted of a-syn paralleled that observed with

ACSL4 depletion and suggests an impaired activity of ACSL4

in dopaminergic neurons lacking a-syn. This hypothesis is

strengthened byGolovko and colleagues, who reported a reduc-

tion in AA-CoA mass and AA incorporation into PLs in the brains

of SNCA KO mice due to a reduction in total ACSL activity

(Golovko et al., 2006). This ACSL activity was restored upon
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addition of exogenous a-syn, indicating a role of a-syn in the

control of ACSL4 in AA-CoA formation. Furthermore, we now

also strengthen a link between a-syn and ether-PLs that was

previously reported in brains of a synucleinopathy mouse model

(A53T a-syn) with higher levels of plasmalogens, specifically der-

ivates of either C16:0 or C18:0 (Yakunin et al., 2014).

a-Synuclein has a high degree of sequence homology with

apolipoproteins (Eichmann et al., 2017; Fecchio et al., 2018), is

implicated in the metabolism of lipids (most prevalently mem-

brane PUFAs including AA, adrenic acid, linoleic acid, and di-

homo-gamma-linoleic acid) (Sharon et al., 2003; Golovko et al.,

2006; Barceló-Coblijn et al., 2007), and has a high binding affinity

to PUFAs (a-linolenic acid, DHA, and eicosapentaenoic acid)

through its N-terminal domain. Both the lipid ratio of these

PUFAs in the plasma membrane and the membrane fluidity are

increased when a-syn levels are elevated both in neuronal cul-

tures and brain tissue from patients with PD and DLB (Sharon

et al., 2003). Conversely, when exposed to free or PL-bound

PUFAs, a-syn undergoes structural changes including an

increased propensity to oligomerize (Sharon et al., 2001;

Broersen et al., 2006; De Franceschi et al., 2009). Direct or

indirect enrichment of cellular membranes with diacyl- and

ether-PLs containing PUFAs by a-syn under the PD pathological

conditions of elevated free labile iron and oxidative stress may

lead to further lipid peroxidation and drive neurons toward fer-

roptotic cell death. In addition to the already mentioned associ-

ations between a-syn and themetabolism of PUFAs, interactions

between a-syn and iron have also been extensively reported (re-

viewed in Mahoney-Sánchez et al., 2020). These include alter-

ations in transferrin receptor-mediated iron import when a-syn

is depleted (Baksi et al., 2016) and impaired ferritinophagy

upon a-syn overexpression (Baksi and Singh, 2017).

The implicated role of endogenous a-syn with the metabolism

of ether-PLs provides a direct link to an established pathway

involved in lipid peroxidation that is essential for ferroptosis.

These observations also reveal a cell-death mechanism in dopa-

minergic neurons from patients where a-syn levels are dysregu-

lated, including synucleinopathies such as PD. This provides

further support to that already presented (Sofic et al., 1992;

Sian et al., 1994; Pearce et al., 1997; Li et al., 1997;

Devos et al., 2014; Vallerga et al., 2020; Bonifati et al., 2003;

Cao et al., 2020; Battino et al., 1996; Mischley et al., 2012; Ber-

suker et al., 2019) for targeting ferroptosis as a therapeutic strat-

egy in synucleinopathies.

Limitations of the study
One limitation of our work is that when studying the implication of

a-syn in ferroptosis, a-syn was not fully removed from LUHMES

cells. As shown in Figures 1 and 2, ferroptosis sensitivity was

measured in a-syn KD and 140 a-syn KO LUHMES cells, where

a-syn expression level is transiently reduced by siRNA or the

main 140-aa-long isoform deleted by CRISPR-Cas9, respec-

tively. However, the expression of b- and g-syn, and the shorter

a-syn isoforms generated by alternative splicing, were not

measured and characterized in LUHMES cells. Furthermore,

although a link between a-syn expression and ferroptosis sensi-

tivity was provided in two dopaminergic cell lines (LUHMES and

smNPC-derived mDANs), the plasma membrane composition
10 Cell Reports 40, 111231, August 30, 2022
was only analyzed in a-syn and ACSL4 KD LUHMES cells. Lipi-

domic analyses in smNPC-derived mDANS are required to

confirm whether a-syn modulation of the ether-PL composition

also occurs when a-syn expression is elevated. In addition,

why depletion of a-syn results in a reduced ether-PL content in

the plasma membrane remains unclear, and further functional

studies are required to decipher how a-syn regulates the plasma

membrane PL composition. Finally, while necessary for mecha-

nistic studies, all experimentation was conducted in single-cell

models. Ex vivo or in vivo follow-up studies will be important to

confirm that these data are physiologically relevant in a multi-

cellular environment such as the brain.
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BDNF Peprotech Cat#450-02

TGF-b3 Peprotech Cat#100-36E

Critical commercial assays

Pierce BCA protein assay kit Thermo Fisher Scientific Cat#23225

Deposited data

Raw and analyzed phospholipid

measurements

This paper Mendeley Data: https://doi.org/10.17632/
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Experimental models: Cell lines

LUHMES Cell line Kind gift from Pr. Marcel Leist

(University of Konstanz)

Developed by J Lotharius 1998

iPSC SNCA Tiplication cell line EBISC Edi001-A

140 a-syn KO LUHMES cell lines This paper N/A

iPSC isogenic control Mohamed et al. (2021) Developed and kindly provided by Dr. Tilo

Kunath from the University of Edinburg

iPSC C4 - WT cell line Boussaad et al. (2020) N/A

iPSC C4 - SNCA KO Barbuti et al. (2020a) N/A
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siRNA asyn Santa Cruz Cat#sc-29619

siRNA ACSL4 Santa Cruz Cat#sc-60619

Recombinant DNA

Plasmid pSpCas9(BB)-2A-GFP (px458) Addgene Cat#48138

Plasmid pX330-U6-Chimeric_BB-CBh-
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Software and algorithms

Prism v9 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Kaluza Beckman Coulter https://www.beckman.fr/flow-cytometry/

software/kaluza

FlowJo v10 FlowJo, Treestar Inc. https://www.flowjo.com
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, David De-

vos (David.DEVOS@CHRU-LILLE.FR).

Materials availability
All newly generated plasmids and LUHMES cell lines generated in this study are available from the lead contact without restriction.

smNPC generated CRISPR cell lines are restricted due to an MTA.

Data and code availability
d Phospholipid measurement datasets generated during this study have been deposited atMendeley Data and are publicly avail-

able as of the date of publication. The DOI is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
LUHMES cells were used in this study and kindly provided by Pr. Marcel Leist from the University of Konstanz. Stable LUHMES sub-

clones lacking the main 140 a-syn isoform were generated by transfection of proliferative LUHMES cells with pSpCas9(BB)-2A-GFP

(PX458) plasmid from Addgene (#48138). Small molecule derived neuronal precursor cells (smNPC) were differentiated from iPSC.

Control smNPC line C4 - WT was previously described and characterised in (Boussaad et al., 2020), and C4 - SNCA KO iPSC were

generated by transfection with the Cas9 plasmid pX330 (Addgene, 42,230). The SNCA triplication line was obtained from EBISC (cell

line Edi001-A) and the isogenic gene corrected line (IsoWT) was generated and kindly provided by Dr Tilo Kunath from the University

of Edinburgh (Mohamed et al., 2021).

METHOD DETAILS

Cell culture
For LUHMES cell culture, NunclonTM cell culture flasks and well-plates were coated with 50mg/ml of PLO and 1mg/ml fibronectin.

Cells were grown at 37�C in a humidified 95% air, 5% CO2 atmosphere. Proliferating cells are maintained in advanced DMEM/

F12media supplementedwith 1x N2, 2mML-glut and 40ng/ml bFGF. For dopaminergic neuron differentiation, the proliferativemedia

was replaced by differentiation media (advanced DMEM/F12, 1x N2, 2mM L-glut, 1mM dibutyryl cAMP, 1mg/mL tetracycline and

2ng/mL recombinant human GDNF). After 2 days of pre-differentiation, cells were harvested with trypsin, centrifuged for 5 min at
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300g, counted and seeded in plates. LUHMES cells were left to fully differentiate for another 3 days in order to start every experi-

mental protocol at day 5 of differentiation. All media were supplemented with 1% penicillin and streptomycin.

smNPC expansion medium consisted of N2B27 supplemented with CHIR, PMA and ascorbic acid (AA), with a medium change

every other day. For splitting, cells were digested into single cells with a 15 min incubation at 37�C with prewarmed accutase

(PAA). Cells were diluted and collected with DMEM and centrifuged at 200g for 5 min. The cell pellets was resuspended in fresh

smNPC expansionmedium and plated onMatrigel-coated culture plates. For generation of midbrain dopaminergic neurons, smNPC

expansion medium was changed to N2B27 with 100ng/ml FGF8, 1mM PMA and 200mM AA. After 8 days, media was changed to

maturation medium: N2B27 with 10ng/ml BDNF, 10ng/ml GDNF, 1ng/ml TGF-b3, 200mMAA and 500mMcAMP. Neuronal maturation

and differentiation of smNPC was performed for at least 28 days to generate midbrain-specific dopaminergic neurons.

siRNA-mediated knock-down of a-syn and ACSL4

siRNA transfection was performed by preparing solution A - RNAiMAX lipofectamine (ThermoFisher Scientific, 10,601,435) and

OptiMEM (ThermoFisher Scientific, 10,149,832), and solution B consisting of siRNA (10mM) and OptiMEM. The siRNA control-A

(sc-37007), a-syn (sc-29619) and ACSL4 (sc-60619) were purchased from SantaCruz Biotechnology. After 5 min of incubation,

both solutions were combined and transferred to plates before seeding day 2 pre-differentiated LUHMES cells. Cells were left to fully

differentiate for an additional 3 days before treatments. siRNA-mediated KD efficiency was measured by PCR and Western blot 72h

post transfection.

For smNPCderivedmidbrain, themediawas removed from seeded cells in 24-well plates and replaced by 400mLmaturationmedia

per well. The siRNA mix was prepared as follow: for 1 well, 1.5mL RNAiMAX lipofectamine was carefully mixed with 50mL OptiMEM

and separately, 1.5mL of the control or a-syn siRNA were mixed with 50mL OptiMEM. The two solutions were left to incubate at room

temperature for 5 min before carefully mixing vol:vol. The transfection solution was left to incubate at room temperature for an addi-

tional 15 min before adding 100mL per well. 6h later, 500mL of maturation was added to each well and cells were left for 72h before

conducting any experimentation or extracting the RNA.

CRISPR/Cas9-mediated KO of 140 a-syn in LUHMES cells

The experimental procedure for generating CRISPR/Cas9 clones on LUHMES cells was adapted from Shah et al. (2016), with some

minor alterations. CRISPR gRNA were designed by http://crispor.tefor.net/. The gRNA targeting exon 3 were inserted

into pSpCas9(BB)-2A-GFP (PX458) plasmid from Addgene (#48138). Following gRNA ligation, OneShot E.Coli bacteria were trans-

formed and spread on separate labeled LB agar plates in the presence of 50mg/ml ampicillin. Colonies were left to grow overnight

at 37�C. The following day, 25 individual colonies were picked and PCR analysis was conducted to validate the plasmid sequence.

The SNCA Ex3 gRNA oligonucleotide sequences are as follows:Sense (50 to 30): CACCgTggTgCATggTgTggCAAC.
Antisense (50 to 30): AAACgTTgCCACACCATgCACCACTo generate 140 a-syn KO clones, LUHMES cells were electroporated with

PX458- SNCA Ex3 gRNA plasmids using the Amaxa P3 primary cell kit (V4XP-3024) on a nucleic acid transfection apparatus (4D

Nucleofector device) with EM-110 program. Transfected cells were FACS sorted by fluorescence (FACSAria II, BD) into several

96-well plates. Single cell colonies were left to grow in proliferation media and amplified until frozen. The DNA was extracted for

PCR amplification before sequence verification using the following primers:

Forward: 5’ - gCTTgAgACTTATgTCTTgAATTTg

Reverse: 50- TCTTgAATACTgggCCACAC Successfully edited clones were verified using Western blot.

CRISPR/Cas9-mediated SNCA KO in smNPC

Control smNPC line C4 -WTwas previously described and characterised in (Boussaad et al., 2020). C4 - SNCAKO iPSCwere gener-

ated as described in (Barbuti et al., 2020a). Briefly, the Cas9 plasmid pX330 (Addgene, 42,230) containing a sgRNA targeting the hu-

man SNCA sequence gctgctgagaaaaccaaaca was transfected into C4 -WT cells. iPSCs were dissociated to single cells using PAA

and plated in iPS media as described in (Barbuti et al., 2020b; Boussaad et al., 2020), plus Rho- Kinase Inhibitor Y-27632 (10mM,

Abcam ab120129). 1 x 106 cells were then electroporated using the 2D-Amaxa nucleofector unit (Lonza, Basel, Switzerland) with

program B16. After electroporation, 1mL of E8 was added to the cuvette before being placed at 37�C for 10 min. Cells were then

plated into 6-well plates and cell selection was achieved using antibiotic resistance to puromycin when small to medium-sized col-

onies began to appear.

Cell viability via resazurin assay

A stock solutionwas prepared at a concentration of 10mg/ml by dissolving resazurin dye (7-hydroxy-3H-phenoxazin-3-one 10-oxide)

in dH2O. Approximately 4x104 LUHMES or mDANs were plated on coated 96-well plates in appropriate medium. Cytotoxicity was

assayed 24 or 48h post treatment by adding resazurin solution (10% of cell culture volume per well – final concentration 100mg/ml)

and cells were left to incubate for 2h at 37�C. Samples were analyzed fluorometrically on a microplate reader (Mithras LB950 or

BioTek citation 5 imaging reader, Ex = 540nM, Em = 600nM). Background signals obtained from cell-free wells were subtracted

from each sample. Cell viability under treatment conditions were reported as a percentage relative to untreated control cells.

Lipid peroxidation analysis via flow cytometry

LUHMES cells were seeded at day 2 of differentiation in 24 well-plates at a density of 300,000 cells per well and left to complete the

differentiation until day 5. Following ferroptosis induction, cells were collected following the addition of trypsin, centrifuged for 5 min

at 300g and resuspended in 200mL PBS containing the LIVE/DEAD (Thermo Fisher - L23105) probe in order to differentially identify

live and dead cells. Following a 15 min incubation at 37�C, an additional 200mL of PBS containing C11-BODIPY 581/591(Thermo

Fisher - D3861) probe was added to the cells at a final concentration of 1mM. Cells were incubated for another 15 min at 37�C
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and analyzed using the FORTESSA X20 flow cytometer (BD Biosciences). Data were collected from at least 10,000 cells and C11-

BODIPY staining was measured in the living cell population. Data was analyzed using the Kaluza software. To report the percentage

increase in lipid peroxidation, the increase fluorescence in the FITC channel was compared relative to control cells where basal lipid

peroxidation levels were set to �1% (Figure S7).

For smNPC derived midbrain neurons, lipid peroxidation measurements were conducted as described above with some minor al-

terations: Following treatment, cells were collected with prewarmed accutase and centrifuged at 500g for 5 min. Cells were resus-

pended in 300mL of PBS containing 2mM C11-BODIPY and incubated for 20 min at 37�C. For staining of viable cells, 17mg/ml DAPI

was added to the cells immediately before measurement.

Lipid extraction

Lipids were extracted from cells according to the method of Folch et al. (1957) (Folch et al., 1957). Briefly, 3 million cells were homog-

enized with 2mL of NaCl solution in water (0.73%). Lipids were extracted with 10 mL of CHCl3/CH3OH (2:1, v/v), and vortexed for

1 min. Mixture was centrifuged at 3000 rpm for 3 min. The upper phase was discarded and the lower phase collected through a pro-

tein interface using a Pasteur pipette. After evaporation, the lipid extract (lower phase) was re-dissolved in 200mL of CHCl3/CH3OH

(2:1, v/v) and stored, under nitrogen, at �20�C until further analyses.

Analysis of phospholipid molecular species

In the 200mL lipid extract, 10mL of internal standards mixture containing 320mg/ml PC(14:0/14:0) and 160mg/ml PE(14:0/14:0) were

added. The process of identification and quantification of phospholipids species was performed on a Thermo UltiMateTM 3000

coupled to an Orbitrap Fusion Tribrid Mass Spectrometer equipped with an EASY-MAX NG Ion Source (H-ESI) (Thermo Scientific).

Separation of phospholipid classes was achieved under HILIC conditions using Kinetex Hilic 1003 2.1mm, 1.7mmcolumn (Phenom-

enex), with a flow of 0.500mL.min�1. Themobile phase consisted of (A) CH3CN/H2O (96/4, v/v) containing 10mMammonium acetate

and (B)CH3CN/H2O (50/50, v/v) containing10mMammoniumacetate. The injection volumewas10mLand thecolumnwasmaintained

at 50�C. PL species were detected by high resolution mass spectrometry (HRMS) analysis, and H-ESI source parameters were opti-

mizedand set as follows: ion transfer tube temperature of 285�C, vaporizer temperature of 370�C, sheath gas flow rate of 35 au, sweep

gas of 1 au and auxiliary gas flow rate of 25 au. Positive and negative ionsweremonitored alternatively by switching polarity approach

with a static spray voltage at 3500V and 2800V in positive and negative respectively. Mass spectra in full scan mode were obtained

using the Orbitrap mass analyzer with the normal mass range and a target resolution of 240,000 (FWHM at m/z 200), on a mass range

to charge ratio m/z form 200–1600 using a Quadrupole isolation on a normal mass range. All MS data were recorded using a max in-

jection time of 100 ms, automated gain AGC target (%) at 112.5, RF lens (%) at 50 and one microscan. An Intensity Threshold filter of

13 103 counts was applied. For MS/MS analyses, data-dependent mode was used for the characterization of PL species. Precursor

isolation was performed in the Quadrupole analyzer with an isolation width of m/z 1.6. Higher-energy Collisional Dissociation (HCD)

was employed for the fragmentation of PL species with optimized stepped collision energy of 27%. The linear ion trap (LIT) was

used to acquire spectra for fragment ions in data-dependent mode. The AGC target was set to 2 3 104 with a max injection time of

50 ms. All MS and MS/MS data were acquired in the profile mode. The Orbitrap Fusion was controlled by Xcalibur 4.1 software.

Data of high accuracy and the information collected from fragmentation spectra, with the help of the LipidSearch software (Thermo)

and the LIPID MAPS database (https://www.lipidmaps.org/) were used for PL species identification.

The index of peroxidability for PC and PE (PI = (%monoenoic FA3 0.025) + (%dienoic FA3 1) + (% trienoic FA3 2) + (% tetraenoic

FA 3 4) + (% pentaenoic FA36) + (% hexaenoic FA 3 8)) was calculated according to (Naudı́ et al., 2017).

Western blot analysis

Cells were lysed in RIPA buffer containing 1% phosphatase and protease inhibitors for 15minutes at 4�C. Cells were fully lysed by

sonicating for 15 s with 1 s impulses every 0.5s with an amplitude of 20%. Cell debris was removed by centrifugation at 1000g for

10 min, 4�C and protein concentration was determined using the Pierce BCA protein assay kit (ThermoFisher Scientific, 23,225). For

Western blot analysis, samples were denaturated by heating at 90�C for 10 min in standard loading dye for SDS-Page and loaded on

4–20% SDS gels. Proteins were transferred onto nitrocellulose membranes. For optimal a-syn detection, blots were then fixed with

4%PFA for 30min at room temperature before blocking with either 5%BSA TBS-Tween 20 (TBS-T) 0.1%or 5%NFDMTBS-T 0.05%

(non-fat drymilk) for 1 h at room temperature. The blots were incubatedwith the indicated primary antibodies diluted in either 5%BSA

TBS-T 0.1% or 5% NFDM TBS-T 0.05%, according to manufacturer’s instructions, overnight at 4�C. The following day, primary an-

tibodies were washed 3 3 5 min with TBS-T 0.1% and 3 3 5 min with TBS. Membranes were incubated with species-specific sec-

ondary antibodies conjugated to horseradish peroxidase which was detected by enhanced chemiluminescence with Amersham ECL

detection reagents. Chemiluminescence signals were visualised with Fujifilm LAS (4000), and quantification of the signals was done

using ImageJ with protein quantification normalized to b-actin signals.

Quantitative reverse transcription PCR

Total RNA was extracted from differentiated cells in either 6 well-plates or 24 well-plates using the QIAGEN RNAeasy extraction kit

according to manufacturer’s instructions. Total RNA was dosed with BioSpec-nanodrop and a DNase step was performed on 2mg of

total RNA before reverse transcription with Superscript II reverse Transcriptase (ThermoFisher Scientific, 18064022) using random

primers (ThermoFisher Scientific, 48,190,011) in a 40mL reaction. PCR amplification of the cDNAwas quantified using the LightCycler

FastStart DNA Master SYBR Green I (Roche, 3,003,230). The housekeeping gene control was TBP. Primers were designed using

NCBI primer design and purchased from TibMolBio. Threshold cycles were determined for each gene and expression levels were

calculated relative to TBP. The sequences of the primers used for the qPCR are listed in Table S1.
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Quantification and statistical analysis
All quantitative data were shown asmean ± SEM and statistical analyses were performed using the Prism 9 GraphPad Software. The

number of biological replicates for each experiment is indicates in the figure legends. Unless otherwise stated, differences between

means were determined using the parametric two-tailed Student’s t-tests and following data normality verification, and were consid-

ered significant at p < 0.05.
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