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SUMMARY

In Parkinson’s disease (PD), a-synuclein (aS) patho-
logically impacts the brain, a highly lipid-rich organ.
We investigated how alterations in aS or lipid/
fatty acid homeostasis affect each other. Lipidomic
profiling of human aS-expressing yeast revealed in-
creases in oleic acid (OA, 18:1), diglycerides, and
triglycerides. These findings were recapitulated in
rodent and human neuronal models of aS dysho-
meostasis (overexpression; patient-derived triplica-
tion or E46K mutation; E46K mice). Preventing lipid
droplet formation or augmenting OA increased aS
yeast toxicity; suppressing the OA-generating
enzyme stearoyl-CoA-desaturase (SCD) was pro-
tective. Genetic or pharmacological SCD inhibition
ameliorated toxicity in aS-overexpressing rat neu-
rons. In a C. elegans model, SCD knockout pre-
vented aS-induced dopaminergic degeneration.
Conversely, we observed detrimental effects of OA
on aS homeostasis: in human neural cells, excess
OA caused aS inclusion formation, which was
reversed by SCD inhibition. Thus, monounsaturated
fatty acid metabolism is pivotal for aS-induced
neurotoxicity, and inhibiting SCD represents a novel
PD therapeutic approach.

INTRODUCTION

Lipids contribute to many cellular processes, including energy

storage, membrane synthesis, signaling, and protein modifica-

tion. The brain is the second most lipid-rich organ (Sastry,

1985). Lipid and fatty acid (FA) homeostasis are essential deter-

minants of neural development, neurotransmission, and recep-

tor activation. Many CNS disorders and neurodegenerative

diseases are associated with lipid dyshomeostasis, including

epilepsy (Trimbuch et al., 2009), schizophrenia (Adibhatla and

Hatcher, 2007), Huntington’s disease (Epand et al., 2016), Alz-

heimer’s disease (Foley, 2010), motor neuron diseases (Schmitt

et al., 2014), and Parkinson’s disease (PD) (Klemann et al., 2017).

Hence, cells tightly regulate lipid synthesis, uptake, and subcel-

lular distribution of precursors, especially FAs, to maintain

normal function. One fundamental equilibrating mechanism is

storage of FAs as triglycerides (TGs) in cytosolic lipid droplets

(LDs) to prevent FA accumulation having cytotoxic conse-

quences (Listenberger et al., 2003).
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Thestrongly PD-associatedproteinaS is a14-kDapolypeptide

highly expressed in brain. It interacts with phospholipids (Bodner

et al., 2009; Stöckl et al., 2008) and FAs (L€ucke et al., 2006;

Sharon et al., 2001). Expression of aS promotes LD formation

(Outeiro and Lindquist, 2003), and genome-wide association

studies (GWAS) and postmortem brain analyses have identified

proteins related to lipidmetabolismandLDbiology as associated

with PD. Seipin, localized at ER/LD contact sites and involved in

LD biogenesis (Chen and Goodman, 2017; Walther et al., 2017),

may be differentially expressed in PD versus control brains

(Licker et al., 2014; van Dijk et al., 2012). DGKQ, a diacylglycerol

kinase controlling cellular diglyceride (DG) (Chenet al., 2013), and

FA elongase 7 (Chang et al., 2017), a determinant of acyl-chain

length and hence lipid composition/membrane fluidity, are desig-

nated PD risk factors. A global analysis of PD association studies

highlighted lipid metabolism as the common link among four key

processes involved in pathogenesis (Klemann et al., 2017).

Formation of aS-rich cytoplasmic inclusions, a hallmark of PD,

is likely to be triggered by changes in aS folding and assembly.

Reduction in physiological a-helical tetramers/multimers relative

to monomers leads to aS-rich cytoplasmic inclusions and neuro-

toxicity (Bartels et al., 2011; Burré et al., 2014; Dettmer et al.,

2013, 2015a, 2015b; Wang et al., 2011). Despite clear links be-

tween aS, PD, and lipid pathways, the impact of lipidmetabolism

on aS conformation/assembly state and associated phenotypes

(e.g., vesicle trafficking defects) has not been well defined. The

neutral lipids pathway stores excess FAs ultimately in LDs to pre-

vent FA-induced lipotoxicity (Listenberger et al., 2003). The role

of LDs in protecting against or exacerbating aS pathology, e.g.,

by sequestering excess FAs or providing a structural platform for

aS deposition, is unclear. FAs of varying chain lengths and de-

grees of saturation influence multiple biological processes

when incorporated into membrane lipids via membrane thick-

ness, curvature, fluidity, and bending flexibility. There is a rela-

tionship betweenmembrane curvature, membrane composition,

and aS binding (Davidson et al., 1998; Pranke et al., 2011; West-

phal and Chandra, 2013).

Here, we define the impact of aS expression on the lipidome

from yeast to human neurons. We show that TGs are protective

against aS cytotoxicity and associated ER trafficking defects by

preventing the accumulation of oleic acid (OA, 18:1) and DG.

Importantly, we identify stearoyl-CoA desaturase (SCD) inhibi-

tors that potently rescue aS cytotoxicity and inclusion formation.

SCD is rate limiting in the production of OA. We define a mech-

anism of this rescue through preservation of the protective

tetrameric form of aS by saturated lipids and a reduction of the

inclusion-prone aS monomer. A high degree of conservation of

lipid pathways between species (Nielsen, 2009) enabled us to

validate yeast genetic and biochemical results in rat cortical neu-

rons, a C. elegans model of dopaminergic neuron degeneration,

iPSC (induced pluripotent stem cell)-derived human neurons, PD

patient neurons, and a mouse model of familial PD (fPD).

RESULTS

aS Expression Impairs Lipid Homeostasis in Yeast
To assess aS-related alterations of cellular lipid homeostasis in

an unbiased fashion, human aS was expressed in Saccharo-
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myces cerevisiae under an estradiol-regulated promoter (Ara-

nda-Dı́az et al., 2017) that allowed tight control of aS expression

and resulting proteotoxicity (Figures S1A–S1D). We induced aS

expression for 12 hr to achieve different degrees of cytotoxicity

and assessed the effects on lipid profiles via unbiased liquid

chromatography/mass spectrometry (LC/MS).

The most prominent lipid class changes were increases in DG

and TG, dependent on aS expression levels (Figures 1A, S1E,

and S5A) and detectable as early as 6 hr after aS induction (Fig-

ure S1F). DG and TG are components of the neutral lipid pathway

(Figure 1B). DGs are precursors and TGs are key components of

LDs; hence, one might expect accumulation of TG to be accom-

panied by enrichment of LD. Indeed, aS expression correlated

with LD accumulation (Figure 1C), in keeping with a previous

observation (Outeiro and Lindquist, 2003).

To assess the role of LDs in aS toxicity, we analyzed yeast

strains lacking genes in the two branches of LD biosynthesis:

the diacylglycerol acyltransferases DGA1 and LRO1 (TG biosyn-

thesis) and the sterol acyltransferases ARE1 and ARE2 (sterol

ester biosynthesis) (Figure 1B). The combined blocking of LD

biosynthesis (dga1D lro1D are1D are2D, designated LDD)

enhanced aS-related cytotoxicity, suggesting a protective role

for LD formation in aS toxicity (Figures 1D and S1G). Combined

lack of Dga1 and Lro1 enhanced aS toxicity, suggesting TGs pro-

tect against aS toxicity. However, deletion of the sterol branch

(are1D are2D) did not appreciably impact aS toxicity (Figure 1D).

We hypothesized that deleting the TG branch of LD synthesis

causes a buildup of DG and FA (Figure 1B) that enhances aS

toxicity. Indeed, neutral lipid analyses of WT versus dga1D

lro1D yeast strains expressing aS revealed increased DG in the

mutant (Figures 2A and S1H). Given the known ER localization

of DGs, we asked whether DG accumulation exacerbates aS-

mediated ER trafficking defects (Tardiff et al., 2013). We

analyzed the trafficking of carboxypeptidase Y (CPY) in WT

versus dga1D lro1D strains and found increased aS-mediated

ER accumulation of CPY in the mutant that lacks TG synthesis

and accumulates DG (Figure 2B).

In a tgl3D/tgl4D mutant strain that lacks the two major TG li-

pases and accumulates about 3-fold elevated levels of TG and

LDs (Kurat et al., 2006; Wagner and Daum, 2005), we tested

whether preventing TG degradation to DG and FA reduces aS

toxicity. Indeed, deletion of the lipases efficiently rescued aS

toxicity (Figures 2C and S1I), and lipid profiling confirmed DG

decreases in the deletion mutants (Figure 2D), accompanied

by relief of the CPY trafficking defect (Figure 2E). To further

test the relevance of DG accumulation in aS toxicity, we added

choline to cells expressing aS; choline enters the Kennedy

pathway of PC synthesis and consumes DG in the ER (Figure 1B)

as an alternative pathway to dissipate DG (McMaster, 2017). aS

toxicity was suppressed by choline addition (Figures 2F and

S1J), and theCPY trafficking defect was ameliorated (Figure 2G).

Given the intermediary nature of DG in the neutral lipids pathway

in processing FAs into TG, we next assessed FA levels in aS-ex-

pressing cells and established the role of FA in aS toxicity.

OA Enhances aS Toxicity
After observing increases in DG, TG, and LD, we next asked

whether aS expression impacted cellular FA content and
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Figure 1. aS Expression Alters Lipid Metabolism in Yeast, and LDs Protect Against aS Toxicity in Yeast

(A) Lipid profiles of vector and human aS expression in yeast 12 hr post induction. Lipid species (116) are indicated by color and in the order of the key. See

Table S1 for lipid species abbreviations.

(B) Primary pathway for LD formation. DG and TG metabolic pathways are highly conserved between mammals (enzymes in red) and yeast (enzymes in blue).

ACC1, cytosolic acetyl-CoA carboxylase; ATGL, adipose triglyceride lipase; DGAT1, 2, diacylglycerol acyltransferases; DGK, diglyceride kinase (multiple iso-

forms in mammals); OA, oleic acid; HSL, hormone-sensitive lipase; LCAT, lecithin:cholesterol acyltransferase; seipin, integral membrane protein; SCD, stearoyl-

coA-desaturase; LPIN, lipid phosphatases; ER, endoplasmic reticulum; LD, lipid droplet. Whether lipolysis-derived DG enters the ER is currently unknown.

(C) aS expression increases LD formation in yeast. Green: BODIPY (LDs). Bar chart: integrated density (ImageJ) fold difference of uninduced versus induced (12 hr

post induction). n = 22/condition. p < 0.0005, t test. Error bars represent SD.

(D) LDs (TG) protect against aS toxicity. Differences in aS toxicity in four different strain backgrounds: (i) WT; (ii) dga1D lro1D; (iii) are1D are2D; (iv) LDD = dga1D

lro1D are1D are2D. Samples were induced at 5 nM estradiol. See also Table S2: statistical analysis of all yeast growth curves. Error bars represent SD.
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composition. FA profiling revealed that aS expression causes

multi-fold elevated levels of unsaturated FAs (UFA), most prom-

inently OA (Figures 3A, S2A, and S2B). This increase was aS-

dose dependent and evident as early as 6 hr post aS induction

(Figure S2B). Even greater monounsaturated FA increases

were observed in the DG-accumulating dga1D lro1D strain (Fig-

ure 3B). Deletion of lipases Tgl3 and Tgl4 was associated with

decreased OA (Figure 3C).

To test whether increased cellular OA content enhanced aS

toxicity, we exposed yeast to exogenous OA: this treatment

strongly aggravated aS cytotoxicity (Figures 3D and S2C) and

was specific to OA (Figure S2D). To verify this genetically, a yeast

strain was assessed that expresses a mutant, hyperactive, cyto-

solic acetyl-CoA carboxylase, catalyzing the initial step in de

novo long-chain FA synthesis. This mutant strain, which pro-

duces >3-fold TG and >10-fold OA compared to WT (Hofbauer

et al., 2014), exhibited enhanced aS toxicity (Figures S2E and

S2F). Conversely, genetically downregulating Ole1, an essential

D9 FA desaturase, rescued aS toxicity (Figures 3E and S2G).

Dampening Ole1 also correlated with decreased DG (Figures

3F and S2H) and rescue of the CPY trafficking defect (Figure 3G).
We next analyzed a Sei1 mutant that makes fewer but larger

(‘‘super-sized’’) LDs (Cartwright et al., 2015; Fei et al., 2011).

Sei1 regulates LD morphology from ER initiation to maturation

(Cartwright et al., 2015; Szymanski et al., 2007; Wang et al.,

2016) and forms a complex with Ldb16, an LD assembly protein

(Grippa et al., 2015; Wang et al., 2014a). We found that Sei1 or

Ldb16 deletion led to aS toxicity resistance (Figures S2I and

S2J), prevented OA increase (Figure S2K), and fully suppressed

the aS-associated lipid profile (Figure S2L). Sei1/Ldb16 deletion

also prevented the CPY trafficking defect (Figure S2M).

Our genetic and biochemical analyses in the aS cytotoxicity

yeast model suggest that increased OA production and DG

accumulation in the ER enhance aS toxicity if OA and DG are

not converted to TG and ultimately deposited in LD.

aS Expression Alters Lipid Homeostasis in Rat Cortical
Neurons
Given the significant cytopathology of cortical neurons in PD and

dementia with Lewy Bodies (DLB) (Braak et al., 2006; Dickson,

2012), we compared aS-induced lipid homeostasis changes

in yeast to aS overexpression in primary neurons from rat
Molecular Cell 73, 1–14, March 7, 2019 3
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Figure 2. DG Accumulation Induced by aS Expression Is Toxic and Causes a Trafficking Defect
(A) Neutral lipid profiles of human aS expression in WT and dga1D lro1D yeast 6 hr post induction.

(B) aS-induced ER accumulation of CPY is exacerbated in dga1D lro1D versus WT. CPY immunoblot (ImageJ quantified). n = 3. p = 0.01, t test.

(C) Deletion of lipases TGL3 and TGL4 rescues aS toxicity. Error bars represent SD.

(D) Neutral lipid profiles of human aS expression in WT and tgl3D tgl4D yeast 12 hr post induction.

(E) aS-induced ER accumulation of CPY is reduced in the tgl3D tgl4D strain (ImageJ quantified). n = 3, p = 0.007, t test.

(F) Choline addition rescues aS toxicity. Error bars represent SD.

(G) aS-induced ER accumulation of CPY is alleviated upon 0.5 mM choline addition (ImageJ quantified). n = 3, p = 0.002, t test.
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embryonic cortex. Rat cortical neurons were transduced with

lentivirus expressing human WT aS under the synapsin pro-

moter. To obtain a quantitative understanding of the impact of

aS on cellular lipids, neurons expressing two different aS levels

(MOI1, MOI5) were profiled for lipid content by LC/MS at 14

and 20 days post transduction.

Rat cortical neuron lipid profiles were more extensive than

yeast profiles, in accordance with the larger number and

greater degree of complexity of mammalian lipid species.

Expression of human aS altered both neutral and phospholipids

in a time- and dose-dependent manner. As with the yeast pro-

files, changes in neutral lipids represented the most pro-

nounced phenotype (Figures 4A, S3A–S3C, and S5B). Greatest

TG fold increases were observed at MOI5 at 20 days. MOI1 and

14-day time point effects were less pronounced but trended

similarly.

We also saw increased LD formation (Figure 4B), in agreement

with our observations in yeast. To investigate whether LDs are

protective against aS toxicity in neurons, we depleted diacylgly-

cerol acyltransferases DGAT1 and DGAT2 (similar functions to

yeast DGA1 and LRO1; Figure 1B). This depletion enhanced

aS toxicity, corroborating a protective role for TG and LDs (Fig-

ures 4C, S3D, and S3E).
4 Molecular Cell 73, 1–14, March 7, 2019
The phosphatidate phosphatase lipin genes (LPIN1–3) are

responsible for conversion of PA to DG (Zhang and Reue,

2017) (Figure 1B). We knocked down LPIN1, LPIN2, and

LPIN3; this suppressed aS toxicity in the cortical neurons, indi-

cating DG depletion reduces aS toxicity, as in yeast (Figures

4D and S3F).

In yeast, the deletion of seipin rescued aS toxicity by sup-

pressing OA overproduction and DG accumulation. Similarly,

knockdown of seipin rescued aS toxicity in the neurons (Figures

S3G and S3H).

Inhibition of OA Synthesis Suppresses aS Toxicity
We sought to establish whether OA plays a key role in the mech-

anism of aS toxicity in rat cortical neurons. FA profiling revealed

increasedOA levels in aS-expressing neurons relative to a vector

control (Figures 4E and S4A). Addition of exogenous OA exacer-

bated aS neurotoxicity (Figures S4B and S4C), while additions of

stearic (18:0), palmitic (16:0), and palmitoleic (16:1) acids did not

impact toxicity (Figures S4C and S4D). Our findings in yeast

prompted us to investigate whether knockdown of SCD1, the

rat homolog of OLE1, could rescue rodent neurons from aS

toxicity. Reduction of SCD1 fully suppressed aS toxicity (Figures

4F and S4E). Profiling of these neurons confirmed decreased OA
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Figure 3. OA Exacerbates aS Toxicity

(A) Intracellular FA analysis of aS-expressing WT yeast 12 hr post induction. OA is increased upon aS expression. **p < 0.005; ****p < 0.0001 (one-way ANOVA).

Error bars represent SD.

(B) Intracellular FA analysis of aS-expressing WT yeast 6 hr post induction. The aS-associated OA phenotype is more pronounced in dga1D lro1D versus WT.

****p < 0.0001 (one-way ANOVA). Error bars represent SD.

(C) Intracellular FA analysis of aS-expressing WT yeast 12 hr post induction. The aS-associated OA phenotype is reduced in a tgl3D tgl4D strain versus WT.

****p < 0.0001 (one-way ANOVA). Error bars represent SD.

(D) Treatment with exogenous OA enhances aS toxicity. Error bars represent SD.

(E) Dampening of OLE1 expression suppresses aS toxicity. Error bars represent SD.

(F) Dampening OLE1 expression mitigates the aS-induced neutral lipid profile phenotype 12 hr post induction.

(G) aS-induced ER accumulation of CPY is ameliorated in an OLE1 damp strain (ImageJ quantified). n = 3, p = 0.0018, t test.
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and DG (Figures S4I and S4J) upon SCD1 knockdown. Pharma-

cological SCD1 inhibition also rescued aS toxicity in this model

(Figures 4G, S4F, and S4G). Given the connection between

DGAT, OA metabolism, and TG synthesis (Figure 1B), we next

asked whether SCD1 inhibition could overcome enhanced aS

toxicity from DGAT loss of function. Pharmacological inhibition

of SCD1 fully rescued the increased aS toxicity associated

with DGAT knockdown (Figures 4H and S4H). Both OA and DG

levels were decreased in aS-expressing neurons with a seipin

or SCD1 knockdown relative to control cells (Figures S4I

and S4J).

To establish PD relevance, we asked whether decreasing

OA levels could rescue an aS phenotype in intact dopami-

nergic (DAergic) neurons in vivo, namely in a C. elegans model

that expresses aS in DAergic neurons. In this species, fat-6

and fat-7 desaturases (orthologs of SCD1/OLE1) convert the

saturated stearic acid (18:0) to the monounsaturated OA

(18:1). Degeneration of DAergic neurons in WT versus fat-

6&fat-7-deficient animals expressing aS was measured over

10 days, beginning with the first day of adulthood. All animals
showed little DAergic neurodegeneration on day 1, but signif-

icant DAergic neurodegeneration was observed for UA44

animals on day 10. In contrast, fat-6&fat-7-deficient mutants

were significantly protected from aS neurotoxicity (Figure 4I).

Thus, genetic inhibition of monounsaturated FA synthesis

can suppress aS-induced degeneration of dopaminergic neu-

rons in vivo.

aS Excess or fPD-Linked Point Mutations Alter Neutral
Lipid Homeostasis in Human Neurons
To establish whether the observations of excess WT aS in yeast

and rat cortical neurons extended to human cells, we used

human iPSC-derived neurons. Cells were transduced with lenti-

virus expressing WT human aS or vector control under the syn-

apsin promoter and LC/MS profiled. Overexpression of aS

altered neutral and phospholipids (Figures 5A and S5C–S5E),

with the most notable change being increased TG. The TG

buildup resulted in increased LD formation (Figure 5B), conform-

ing with similar observations in yeast and rat cortical neurons. FA

profiling 14 days post transduction revealed increased OA in the
Molecular Cell 73, 1–14, March 7, 2019 5
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Figure 4. aS Expression Alters Lipid Metabolism in Rat and C. elegans Synucleinopathy Models

(A) Lipid profiles of human aS expression in rat cortical neurons. Lipid species (516) are indicated by color and in the order of the key on the right of the map. See

Table S1 for lipid species abbreviations.

(B) aS expression increases LD formation in rat cortical neurons. Microscopy: green, BODIPY (LDs); red, aS; blue, Hoechst (nucleus). Neurons were imaged at

14 days (ImageJ quantified). Bar chart: integrated density signal fold difference for MOI1 versus MOI5. n = 16 cells, p < 0.0001, t test. Error bars represent SD.

(C) LDs protect against aS toxicity in rat cortical neurons. Neuronal survival wasmeasured following expression of aS in control rat cortical neurons and in neurons

with knockdown of DGAT1 and DGAT2 (D1+D2). See also Figure S3E, RT-PCR knockdown data. % viability is based on resazurin-to-resorufin conversion. n = 6,

****p < 0.0001, *p = 0.02 (one-way ANOVA). Error bars represent SD.

(D) Reduction in LPIN expression suppresses aS toxicity in rat cortical neurons. Neuronal survival was measured following expression of aS in control rat cortical

neurons and in neurons with knockdown of LPIN1, LPIN2, and LPIN3. See also Figure S3F, RT-PCR knockdown data. % viability is based on resazurin-to-

resorufin conversion. n = 6, ****p < 0.0001, **p = 0.007 (one-way ANOVA). Error bars represent SD.

(E) OA content is increased upon human aS expression in rat cortical neurons. Intracellular FA analysis was performed in control and human aS-expressing rat

cortical neurons. *p = 0.02, t test. Error bars represent SD.

(F) Reduction in SCD1 rescues aS toxicity. Neuronal survival was measured following expression of human aS in control rat cortical neurons and in neurons with

SCD1 knockdown. See also Figure S4E, RT-PCR knockdown data. % viability is based on resazurin-to-resorufin conversion. n = 6, ****p < 0.0001 (one-way

ANOVA). Error bars represent SD.

(G) Inhibition of SCD rescues aS toxicity (% ATP). Survival of neurons wasmeasured following treatment with SCD1 inhibitor in control and human aS-expressing

rat cortical neurons. ****p < 0.0001 ***p % 0.0005 (one-way ANOVA). Error bars represent SD.

(H) SCD inhibition rescues DGAT1+DGAT2+aS-associated toxicity in rat cortical neurons. DGAT1 and DGAT2 (D1+D2) were knocked down in control versus

human aS-expressing rat cortical neurons + DMSO or SCD inhibitor. % viability is based on resazurin-to-resorufin conversion. n = 6, ***p < 0.0005 (one-way

ANOVA). Error bars represent SD.

(I) SCD knockdown in a C. elegans model of dopaminergic neuron degeneration rescued an aS-induced dopaminergic neuron degeneration phenotype. Open

arrowheads: white, CEP dendrites; black, ADE dendrites. Closed arrowheads: white, CEP cell bodies; black, ADE cell bodies. *p < 0.05. Error bars represent SD.
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WT aS-overexpressing neurons relative to vector control (Fig-

ures 5C and S5F). In keeping with our findings, addition of

1 mM exogenous OA significantly enhanced aS neurotoxicity

(Figures 5D and S5G).

Increased levels of WT aS via triplication of the aS locus can

cause early-onset, severe PD (Singleton et al., 2003). To

further assess the relevance of our lipid findings to PD, we

differentiated human aS triplication and isogenic genetically

corrected control lines to neurons and profiled at 23 days

in vitro. Profiling further supported the neutral lipid pathway
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as being altered by aS excess: triplication neurons exhibited

increased DG relative to their genetically corrected controls

(Figures 5E and S5H).

To probe for further relevance to PD, we compared the human

embryonic stem cell line (BGO1) to its isogenic genetically engi-

neered BGO1-SNCAE46K line carrying the PD-causing E46K mu-

tation (Soldner et al., 2011). Lines were differentiated to neurons

and profiled 36 days post terminal differentiation. The BGO1-

SNCAE46K neurons substantiated a role for the neutral lipid

pathway in PD: they contained more DG and TG relative to the
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Figure 5. aS-Associated Lipid Metabolism Phenotypes in PD-Relevant Human Neuron Models

(A) Lipid profiles of aS overexpression in human iPSC-derived neurons. Lipid species are indicated by color and in the order of the key. See Table S1 for lipid

species abbreviations.

(B) aS expression increases LD formation in human iPSC-derived neurons. Microscopy: green, BODIPY (LDs); blue, Hoechst (nucleus); red, aS

(ImageJ quantified). Bar chart shows fold difference in integrated density signal, MOI1 versus MOI5. n = 7 cells, p < 0.0005, t test. Error bars represent SD.

(C) Intracellular FA analysis of aS overexpressing human iPSC-derived neurons. OA is increased upon aS overexpression in human iPSC neurons. **p < 0.01,

n = 3, t test. Error bars represent SD.

(D) Treatment of aS-expressing human iPSC neurons expressing vector or aS with 1 mM OA, ST (stearic), POA (palmitoleic), PA (palmitic). Treatment with

exogenous OA enhances aS toxicity in human iPSC neurons. % viability is based on resazurin-to-resorufin conversion. n = 6. ***p < 0.0005, **p < 0.01 (one-way

ANOVA). Error bars represent SD.

(E) Neutral lipid profiles of patient triplication and isogenic corrected neurons identify increased DG in the triplication line. Lipid species are indicated by color and

in the order of the key. Lipid profiling was performed 23 days after differentiation to neurons. WB confirmed increased aS levels in the triplication line.

(F) Neutral lipid profiles of human neurons, WT versus E46K aS. Lipid species are indicated by color and in the order of the key. Lipid profiling was performed

36 days after differentiation to neurons. WB confirmed an equal amount of WT and E46K aS.
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isogenic BGO1WT aS neurons (Figures 5F and S5I). Amounts of

WT and E46K aS protein were similar (Figure 5F).

An fPD Human E46K aS Mutant Mouse Model that
Displays Motor Deficits Has Altered Brain Neutral Lipid
Homeostasis In Vivo

To further support the PD relevance of our aS-mediated

neutral lipid alterations—in particular, increased UFA, DG,

and TG—we compared these analytes in 12-month-old WT

aS mice (WT) versus human aSE46K-expressing mice (E46K).

Total cortical lipid extracts were assayed by colorimetric

enzymatic assays. In the fPD E46K aS mice, brain levels of

UFAs, DGs, and TGs were significantly elevated versus

WT (Figures 6A–6C). Importantly, the E46K-mediated brain

lipid accumulation was accompanied by progressive motor

deficits, shown by increased time in the classical pole-climb-

ing test and decreased endurance in the wire-hanging test

(Figures 6D and 6E). Amounts of WT and E46K human aS
protein were indistinguishable (Figure 6F). These in vivo

data suggest that E46K aS accumulation influences neutral

lipid regulation and is associated with PD-relevant motor

phenotypes.

SCD Inhibition Decreases aS-Positive Inclusions,
Decreases pSer129 aS, and Increases aS
Tetramer:Monomer Ratio
We specifically investigated the impact of OA on aS homeo-

stasis in human cells. We previously reported multiple lines

of evidence that a native form of aS in intact neurons and

other cells is an a-helical homo-tetramer, and this neuronal

species is physiological, resists pathological aggregation,

and occurs in equilibrium with aS monomers, which are prone

to form cytotoxic oligomers if present in excess (Bartels et al.,

2011; Dettmer et al., 2013, 2015a, 2015b, 2017). These and

related studies have addressed the relationship of normal

aS-helical conformation and native tetrameric assembly state
Molecular Cell 73, 1–14, March 7, 2019 7
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Figure 6. Expression of fPD aS E46K Alters Brain FA Composition in Mice Displaying Motor Deficits

(A–C) 12-month-old male WT and E46K aSmouse cortices were analyzed for (A) UFA, (B) DG, and (C) TG levels. n = 3; N = 2 independent experiments. Error bars

represent standard error values.

(D and E) Evaluation of motor behavior: (D) quantification of time to descend a pole, n = 6, and (E) endurance in wire hanging, n = 5–6.

(F) WB shows equal aS expression. *p < 0.02 **p < 0.01, t test. Error bars represent standard error values.
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on aS cytotoxicity (Burré et al., 2014; Gould et al., 2014; Gurry

et al., 2013; Wang et al., 2011, 2014b; Westphal and Chandra,

2013). aS has also been found to bind and be altered by

OA (Sharon et al., 2001, 2003). We therefore sought to

test whether cellular OA accumulation impacts physiolog-

ical aS assembly state and whether this could represent a

mechanism of aS neurotoxicity. Overexpression of WT or

fPD mutant aS in neural cells does not readily cause inclusion

formation (Dettmer et al., 2015b). However, amplifying the fPD

E46K mutation (where the KTKEGV repeat #4 becomes

KTKKGV) by expressing analogous E/K mutations in the

two adjacent KTKEGV repeat motifs (i.e., E35K+E46K+E61K,

designated aS 3K) can induce multiple, round cytoplasmic in-

clusions whose formation can be monitored in neural lines that

express aS3K::YFP (Dettmer et al., 2015a). This aS 3K inclu-

sion formation is sensitive to known modulators of WT aS

toxicity, e.g., the new potential PD drug nortriptyline (Collier

et al., 2017). We ‘‘FA loaded’’ aS3K::YFP-expressing human

neuroblastoma cells by conditioning them in increasing (non-

toxic) concentrations of FAs. We observed a dose-dependent

increase in aS3K::YFP-positive cytoplasmic inclusions (Fig-

ures 7A and S5J), specific to OA. Treatment with SCD1-

directed dicer-substrate siRNAs (DsiRNAs) (Figure 7B) and

pharmacological SCD inhibition reduced aS-positive cyto-
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plasmic inclusions (Figures 7C, 7D, S5K, and S5L), the latter

dose-dependently. The aS 3K protein has reduced cytosolic

solubility versus WT aS, a marked decrease in the native aS

tetrameric assembly form (aS60), and excess monomers

(aS14) (Dettmer et al., 2015a). Treatment of aS3K M17D

cells with an SCD inhibitor increased aS60 (tetramers) and

decreased aS14 monomers (Figure 7E). aS was shifted from

an excessively membrane-associated/PBS-insoluble (TX-sol-

uble) state to the more physiological cytosolic (PBS-soluble)

protein (Figure 7F). Abnormally phosphorylated aS (pSer129)

has been observed in many PD models, including mouse

models overexpressing the A53T or A30P aS mutants (Schell

et al., 2009; Wakamatsu et al., 2007). In humans, increased aS

phosphorylation is associated with fPD (Lesage et al., 2013),

DLB (Obi et al., 2008), and increased pathological severity of

idiopathic PD (Anderson et al., 2006; Walker et al., 2013).

Pharmacological SCD inhibition dramatically decreased the

amount of phosphorylated aS, while total aS did not change

(Figure 7G). To further establish PD relevance, we analyzed

the impact of SCD inhibition on tetramer:monomer ratio and

aS phosphorylation state in cells expressing the fPD E46K

aS mutation we found earlier (Figures 5F and 6A–6C) to

impact the neutral lipids pathway. Importantly, our previous

work had identified the E46K mutation as significantly
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Figure 7. OA Impacts aS Inclusion Formation, Tetramer:Monomer Ratio, and pS129

(A) Exogenous OA increases aS inclusions in aS3K-expressing neuroblastoma cells. *p < 0.05, ****p < 0.0001 (one-way ANOVA).

(B) SCD1 knockdown decreases aS inclusions in aS3K-expressing neuroblastoma cells. C, control (scrambled DsiRNA). ***p < 0.0005; ****p < 0.0001.

(C) SCD inhibition decreases aS inclusions. *p < 0.05, ****p < 0.0001 (one-way ANOVA).

(D) SCD inhibition decreases aS inclusions (microscopy) in aS3K-expressing neuroblastoma cells.

(E and F) SCD inhibition increases 60 kDa aS:14kDa aS in aS3K-expressing neuroblastoma cells. *, non-specific band (Perrin et al., 2003). *p < 0.05, **p < 0.01.

(G) SCD inhibition decreases pS129 aS:total aS in aS3K-expressing neuroblastoma cells. n = 6, *p < 0.05, ***p < 0.005, t test.

(H) SCD inhibition increases 60 kDa aS:14kDa aS and 80 kDa aS:14kDa aS in fPD E46K-expressing neuroblastoma cells. N = 2, n = 6.

(I) SCD inhibition decreases pS129 aS: total aS in E46K-expressing cells. N = 2, n = 10, **p < 0.01, t test.

All error bars represent SD.
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decreasing the aS tetramer:monomer ratio (Dettmer et al.,

2015a). SCD inhibition increased the aS tetramer:monomer

ratio (Figures 7H and S5M) and decreased pSer129 aS

without changing total aS levels (Figure 7I). Both genetic

and pharmacological SCD inhibition suggest that lowering

OA levels returns aS to its normal assembly state and

homeostasis.

DISCUSSION

We performed unbiased lipidomic analyses and a series of

related genetic and biochemical experiments to provide new in-

sights into the complex interplay between aS and lipid metabolic

pathways. Our findings have direct implications for aS cytotox-

icity mechanisms and for several PD-relevant phenotypes. We

observed pronounced effects of excess human aS on lipid

homeostasis, which correlated across multiple cellular systems.

These diverse model systems converged on neutral lipid

pathway alterations being caused by aS dyshomeostasis.

Each cellular model system emphasized a role for neutral lipid

pathway components, culminating in our in vivo fPD mouse
model implicating all principal pathway components. Perhaps

our most important disease-relevant observation was identifying

a key role for OA in the cellular response to excess/mutant

aS. This led to identifying SCD inhibitors capable of dose-

dependently suppressing aS cytotoxicity, inclusion formation,

hyperphosphorylation, and an abnormal decrease in tetramer:

monomer equilibrium. These beneficial effects strongly recom-

mend SCD as a new target for treating synucleinopathy.

We find aS principally increases monounsaturated FA species,

specifically OA. UFAs have been reported to promote aS mem-

brane binding and pathological aggregation (L€ucke et al., 2006;

Sharon et al., 2001, 2003) and increase aS cytotoxicity (Jo et al.,

2002; Snead and Eliezer, 2014). Saturated FAs of similar chain

lengths did not impact aS-expressing cells, and a comparable

UFA, POA, did not exert the same level of toxicity. Evidence for

some specificity of the pathobiological impact of OA and POA

has been reported (Lockshon et al., 2012; Petschnigg et al., 2009).

Our lipidomic analyses led us to the discovery that SCD down-

regulation strongly ameliorates aS cytotoxicity. The origin of

increased OA by excess aS is currently under investigation.

Our preliminary findings suggest ACC1 and OLE1 desaturase
Molecular Cell 73, 1–14, March 7, 2019 9
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gene upregulation upon aS expression in yeast. The degree of

fatty acyl side-chain unsaturation of phospholipids is a major

determinant of membrane fluidity, which in yeast is sensed by

membrane-bound transcriptional activators, Mga2 and Spt23.

Mga2 is an activator of OLE1. Mga2 transmembrane helices

sense lipid packing in the membrane (Covino et al., 2016). Upre-

gulation ofOLE1, despite increased OA, indicates a disruption of

this regulatory circuit by aS.

We find the seipin mutants suppress aS toxicity. Seipin plays a

role in LD biogenesis and may act as a scaffolding protein coor-

dinating multiple lipid metabolic pathways (Qi et al., 2017). It was

found to interact with and inhibit GPAT, the initial enzyme of glyc-

erolipid synthesis (Pagac et al., 2016). This is of particular interest

because GPAT2 and the desaturase OLE1 may compete for a

common acyl-CoA pool (De Smet et al., 2012). A direct regulato-

ry impact of seipin on FA desaturation was also identified in sei-

pin mutant cell lines derived from a Berardinelli-Seip congenital

lipodystrophy patient that displayed decreased SCD activity

(Boutet et al., 2009).

We propose the following model (Figure S6). (1) Under condi-

tions of normal aS and lipid homeostasis, aS occurs in equilib-

rium between monomers and a-helically folded physiological

tetramers. Tetramers are principally soluble (cytosolic), while

monomers occur in both membrane-associated and cytosolic

pools (Chandra et al., 2005; Dettmer et al., 2015b, 2017; West-

phal and Chandra, 2013). FA/DG/TG production and degrada-

tion are normal, as are LD size and number. (2) For mild aS

accumulation unaccompanied by a genetic lipid abnormality,

aS triggers changes in lipid homeostasis. This is initially compen-

sated: increased FA production (Figure 3) results in some DG

accumulation and TG production (Figures 1, 4, 5, 6). Cells store

excess FAs as TG in LDs. DG accumulation in the ER is modest

and tolerated. (3) Greater aS accumulation over a longer time

can exceed compensatory mechanisms, particularly if there is

also a genetic variant in lipid biosynthesis or metabolism. TG

synthesis and LD biogenesis pathways are overwhelmed, and

DG accumulates in the ER, causing membrane trafficking de-

fects, possibly aggravating aS trafficking defects. Thus, genetic

risk factors may influence the cell’s ability to achieve compensa-

tory mechanisms to aS accumulation proposed in scenario 2

(Figures 1, 2, and 4). State 2 could move toward state 3 with ag-

ing, the major PD risk factor.

Increased OA appears to play a key role in aS toxicity, raising

the question of how this toxicity is mediated. Our data suggest

when OA levels are high, a larger fraction of aS is bound to

membranes. Increased aS membrane binding is associated

with vesicle-rich inclusions and excess fPD mutant aS mono-

mers at vesicle membranes (Dettmer et al., 2017; Soper

et al., 2008). Abrogating normal tetramers and shifting them

to excess, aggregation-prone monomers leads to aS inclusions

and neurotoxicity (Dettmer et al., 2015a). aS overexpression in-

creases OA, and this makes inclusions more prominent. This

connection may explain the observed increased cytotoxicity,

since increased aS membrane localization can be toxic (Chan-

dra et al., 2005; Choi et al., 2004; Rochet et al., 2004). We pro-

pose two mutually non-exclusive mechanisms for increased aS

membrane binding: direct binding of aS to OA that is incorpo-

rated as fatty acyl side chains into membrane lipids (Sharon
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et al., 2001, 2003) and increased membrane fluidity due to a

greater degree of unsaturation (Figure S6). We hypothesize

that high OA levels promote aS membrane binding, enhancing

membrane-associated toxicity (Pranke et al., 2011; Volles and

Lansbury, 2007). Increased membrane association of mono-

mers may enable their gradual local sequestration into aS ag-

gregates, ultimately including fibrils (Galvagnion, 2017). We

expect increased FA saturation or decreases in unsaturated

FAs can rescue aS toxicity through changes in membrane

fluidity.

We observe striking changes in neutral lipids downstream of

aS. We cannot conclude that all toxicity is directly caused by

these lipid alterations, nor are these alterations necessarily the

sole cause of phenotypes such as trafficking defects. They do,

however, indicate an important drug target for PD research.

Our approach to delineating the effects of aS accumulation in

cells beganwith unbiased lipidomic analyses in yeast andmoved

on to genetic and pharmacological validation of the implicated

neutral lipid pathways in mammalian neurons. These data,

derived from multiple cell sources and mutation scenarios

in vitro and in vivo, all point to a common underlying mechanism

of aS toxicity: interfering with FA desaturation and the deregu-

lated metabolic flux of UFAs into various cellular lipids. Our

approach has identified aS-lipid interactions that suggest a

promising new target for pharmacological intervention, SCD.

aS toxicity and relative reduction of physiological aS tetramers

was efficiently prevented by SCD genetic downregulation or

pharmacological inhibition. This decreased the elevated aS

association with membranes and aS phosphorylation, and it

increased the levels of native aS tetramers, reestablishing a

physiological tetramer:monomer ratio. Our findings thus indicate

that partial inhibition of SCD would be a rational therapeutic

approach to aS neurotoxicity, an approach with therapeutic

implications for PD, DLB, and other human synucleinopathies.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

aSynuclein BD 610786; RRID:AB_398107

CPY Invitrogen A6428; RRID:AB_1462328

PGK1 Antibodies Online ABIN568371

GFP Roche 11814460001; RRID:AB_390913

HA Roche Clone 3F10, 1201381900; RRID:AB_3909171

Tubulin Sigma Clone B-5-1-2, T5168; RRID:AB_477579

SCD1 Abcam ab19862; RRID:AB_445179

Actin Abcam ab8227; RRID:AB_2305186

Transferrin Abcam ab84036; RRID:AB_10673794

DJ-1 N/A Baulac et al., 2004

Phosphorylated aSynuclein Abcam ab168381; RRID:AB_2728613

Bacterial and Virus Strains

pLV-hSyn-hSNC lentivirus This paper N/A

pLV-hSyn-mGFP lentivirus This paper N/A

Chemicals, Peptides, and Recombinant Proteins

BODIPY Life Technologies D3922

Oleic Acid Sigma O1383

Palmitic Acid Sigma P5585

Palmitoleic Acid Sigma 76169

Stearic Acid Sigma 85679

Choline Chloride Sigma C7527

SCD inhibitor MedChemExpress HY19762

SCD inhibitor MedChemExpress HY15700

SCD inhibitor Abcam ab142089

Critical Commercial Assays

Lentivirus-Associated p24 ELISA Kit Cell Biolabs VPK-107

Unsaturated Fatty Acid Colorimetric Assay Cell Biolabs STA-613

Diglyceride Colorimetric Assay Cell Biolabs MET-5028

Triglyceride Colorimetric Assay Abcam ab65336

Ambion Cells-to-CT kit ThermoFisher Scientific A25603

Lipid Extraction Kit Abcam ab212044

ViaLight Plus Cytotoxicity BioAssay Kit Lonza LT07-221

Cell Titer Blue Cell Viability Assay Promega G8080

ToxiLight bioassay kit Lonza LT07-217

Experimental Models: Cell Lines

Patient triplication and isogenic corrected cell line EBISC https://cells.ebisc.org/EDi001-A

Patient triplication and isogenic corrected iPSC line EBISC https://cells.ebisc.org/EDi001-A-4

hESC line BGO1 Soldner et al., 2011, 2016 Soldner et al., 2011, 2016

hESC line BGO1-SNCAE46K Soldner et al., 2011, 2016 Soldner et al., 2011, 2016

CORR-1 Soldner et al., 2011 Soldner et al., 2011

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

B6-Tg (SNCA*WT) (microinjection in to C57BL/6J) Mouse This paper N/A

B6N.Cg-Tg(SNCA*E46K)3Elan/J Mouse (E46K) https://www.michaeljfox.org/files/

MJFF_SfN_aSyn_Poster.pdf

Jackson Labs

M17D-TR/aS-3K::YFP//RFP Dettmer et al., 2017 Dettmer et al., 2017

Oligonucleotides

siRNA-SCD1-human Integrated DNA Technologies hs.Ri.SCD.13 Trifecta

siRNA-SCD1-rat Integrated DNA Technologies rn.Ri.SCD.13 Trifecta

siRNA-LPIN1-rat Integrated DNA Technologies rn.Ri.LPIN1.13 Trifecta

siRNA-LPIN2-rat Integrated DNA Technologies rn.Ri.LPIN2.13 Trifecta

siRNA-LPIN3-rat Integrated DNA Technologies rn.Ri.LPIN3.13 Trifecta

siRNA-BSCL2-rat Integrated DNA Technologies rn.Ri.BSCL2.13 Trifecta

siRNA-DGAT1-rat Integrated DNA Technologies rn.Ri.DGAT1.13 Trifecta

siRNA-DGAT2-rat Integrated DNA Technologies rn.Ri.DGAT2.13 Trifecta

hs.Negative Control Integrated DNA Technologies 158128155
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CONTACT FOR REAGENT AND RESOURCE SHARING

As Lead Contact, Dennis Selkoe is responsible for all reagent and resource requests. Please contact Dennis Selkoe at dselkoe@bwh.

harvard.edu with requests and inquiries.

METHOD DETAILS

All abbreviations are listed in Table S1.

Growing and inducing yeast cultures
All experiments were performed in the Saccharomyces cerevisiae BY4741 background. Deletion strains were transformed with the

estradiol transcriptional regulator (nat+) and a copy of human aS regulated by the estradiol promoter (leu+). The standard lithium ac-

etate transformation protocol was used for all yeast transformations. Yeast cells were routinely cultured in complete synthetic me-

dium (CSM). Yeast cells were uninduced (0 nm nanoMolar) estradiol or induced at varying estradiol concentrations at different time

points indicated in figure legends. For induction, cells were grown in CSM.Raff overnight, diluted in CSM.Gal for 6-8 hr and then log

phase cells were induced in CSM.Gal containing estradiol. Uninduced cultures were included as controls to assess the impact of

gene deletion on growth rate independent of aS expression. Yeast growth curves were performed in triplicate in an Epoch2 Micro-

plate Spectrophotometer (Biotek) at 30�C with intermittent shaking. Average and standard deviations are reported in figures.

OD600nm readings were taken every 15 min.

Lipidomic and FA profiling and Analysis
LCMS was employed to examine lipid content changes in yeast, rat cortical neurons, human iPSC-derived neurons expressing hu-

man aS and patient derived neurons. Samples were extracted using a chloroform/methanol extraction. For yeast strains, uninduced

and induced yeast cultures were washed once in cold LCMS grade water. Cells were pelleted and resuspended in 600 mL of meth-

anol. 300 mL of LCMS water and 400 mL chloroform were added to the cells. Cells were disrupted by bead beating for 12 mins at 4�C
using theQIAGENTissuLyserII at a frequency of 30. Cells were spun at 13,000 rpm for 10mins at 4�C. The bottom layer containing the

lipid fractionwas collected and dried under vacuum. For rat cortical neuron and human samples the protocol was adjusted as follows.

Media was removed fromwells (rat cortical neurons: x3 wells of a 24 well plate; human iPS-derived neurons: x1 well of a 6 well plate).

1 mL of cold sterile 0.9% NaCl (made with LCMS grade water) was added to wells and cells were scraped. Cell suspensions were

added to Eppendorf tubes and the protocol for chloroform/methanol extraction was followed as above. Dried lipid samples were dis-

solved in 50 mL 65:30:5 (v/v/v) acetonitrile:isopropanol:water. 5 mL of dissolved sample was injected into the LCMS using separate

injections for positive and negative ionization modes. Identification of lipids was made on the basis of column retention time and

chemical formula. Details of LCMS protocol utilized were as per (Smulan et al., 2016). Samples were injected onto the LC/MS twice –

once for positive and once for negative ionization – and the data were analyzed separately. A software package, LipidSearch, that

identifies lipids based on exact mass and fragmentation pattern, aligns peaks among multiple LC/MS runs and performs peak

integration in an automated fashion was used for data analysis (although we did not use the function of aligning between runs as
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all samples compared in any heatmap were run at the same time). A peak quality metric in the software contributes to validation and

quality control metrics. To enhance the rigorous nature of the QC analysis, a ‘‘pool’’ sample consisting of a mixture of several uL from

each biological samples was run. This created a representative sample that is run multiple times to get a measure of technical repro-

ducibility for each metabolite. A CV (standard deviation / average) was calculated for technical replicates and peaks with CV > 0.4

were rejected. 0.3-fold and 0.1-fold dilutions of this pooled sample were also run to confirm samples were in the linear range of detec-

tion for each lipid, or whether the detector is close to saturation or nearing the lower limit of detection. Peaks with R < 0.9 for this

dilution series were rejected. Finally, there was an additional ‘‘reject’’ flag in the software and all lipids with this flag were rejected.

A total signal value for each sample was calculated as a measure of total lipid material per sample. The same lipid class analysis

on the raw peak areas and on the peak areas normalized to this total signal was performed. Individual lipid data were analyzed in

the same way. These values are used to calculate averages and fold changes. We incorporated an internal standard (TG45 –

15:15:15) in to yeast preparations as an additional test to confirm similar results were achieved normalizing to internal standard

versus total lipid signal. Tomaintain consistency betweenmodels and because all analysis was a relativemeasure rather than a quan-

titative analysis, normalizing to total lipid signal was maintained throughout. All samples to be compared were run on the same

run and controls incorporated to check there was no peak drift within a run. The running order of samples was randomized (to mini-

mize potential contribution due to technical variation). Lipids: DG-diglyceride;TG-triglyceride;CL-cardiolipin;LPC-lysophosphatidyl-

choline;LPE-lysophosphotidyethanolamine;LPI-lysophosphatidylinositol;LPS-lysophosphatidylserine;PC-phosphatidylcholine;

PE-phosphatidylethanolamine;PG-phosphatidylglycerol;PI-phosphatidylinositol;PS-phosphatidylserine; AcCa- acylcarnitine; Cer-

ceramide; CerG1/G2- glucosylceramide; CerP- ceramide phosphate; ChE- cholesterol; MG- monoglyceride; DG- diglyceride;

SM- sphingomyelin; SO- sphigosine; CL-cardiolipin; LPG- lysophosphatidylglycerol;

Heatmap construction
To construct heatmaps log2 values of normalized lipid counts were calculated for each lipid and each lipid was median centered

across samples. These values were averaged for each of the 3 replicates to make the figures where only the averaged values are

shown. Abundance levels were calculated by median-summarizing control samples, followed by log2-transformation and median

centering of all the lipids. All heatmaps were visualized and images exported with Java TreeView. Bars indicating saturation levels

were constructed using a custom R script. All heatmaps and colored bar labels were compiled in Adobe Illustrator. Yeast: Baseline

abundance (Abd) of each lipid species is indicated by a red/blue bar on the left of the heatmap (relative scale from �3 to 3, see key).

Baseline abundance was calculated on relative amount of each lipid species in the vector strain with 0 nM inducer. Yellow/Blue heat-

map coloring is a representation of a given lipid species relative to themedian of the logs across all samples for that lipid species; data

for 0, 2, 5 and 10 nM of inducer are shown (relative log scale from �3 to 3, see key). Status of saturation (presence of double bonds

[DB]) of each lipid species is indicated by gray (> 1 DB) or black (0 DB) bar on the right of the heatmap. Rat Cortical Neurons: Baseline

abundance (Abd) of each lipid species is indicated by a red/blue bar on the left of the heatmap (relative scale from �3 to 3, see key).

Baseline abundance was calculated on the relative amount of each lipid species at MOI1 for the vector control at day 14 and day 20.

Bar shown represents Abd for day 20 (both time points were similar and can be compared in Figure S3A. Yellow/Blue heatmap col-

oring is a representation of a given lipid species relative to themedian of the logs across all samples for that lipid species. The relative

log scale (�3 to 3) for yellow/blue representation is indicated by a smaller yellow/blue bar on the left of the heatmap. Status of

saturation (presence of double bonds [DB]) of each lipid species is indicated by gray (> 1 DB) or black (0 DB) bar on the right of

the heatmap. Human Neurons: Baseline abundance (Abd) of each lipid species is indicated by a red/blue bar on the left of the heat-

map (relative scale from �3 to 3, see key). Baseline abundance was calculated on the basis of the relative amount of each lipid spe-

cies in the vector control. Degree of baseline abundance (Baseline Abd Scale) is indicated by a smaller red/blue bar on the left of the

heatmap. Yellow/Blue heatmap coloring is a representation of a given lipid species relative to the median of the logs across all sam-

ples for that lipid species. The relative log scale (�3 to 3) for yellow/blue representation is indicated by a smaller yellow/blue bar on the

left of the heatmap. Status of saturation (presence of double bonds [DB]) of each lipid species is indicated by gray (> 1 DB) or black

(0 DB) bar on the right of the heatmap.

Cell viability flow cytometry assay
10 mg/mL propidium iodide (Sigma P4864) was added to 180 mL of diluted uninduced and induced yeast cultures (in duplicate) at the

12hr time point. A MACSQuant VYB cytometer with a 96-well plate platform (Miltenyi Biotech) was used to measure samples. 10,000

events were collected per sample. Using the FlowJo software, dead cells were gated in the Y3 fluorescence channel (661/20 filter).

Microscopy
Yeast cells in logarithmic phase were induced with 10nm estradiol or uninduced (control) for 12 hr. Cells were centrifuged, media was

removed, and cells were washed once in PBS. Cells were stained with 1 mg/mL BODIPY (Life Technologies, D3922) for 10 mins and

washed twice in PBS before microscopy. ImageJ (integrated density) was used to quantify differences between uninduced and

induced. An n of 22 yeast cells per condition was used to generate a t test p value.

Rat cortical neurons and human iPS-derived neurons were cultured in 8 well glass microscopy chambers and transduced with aS

Lentivirus at different MOI as indicated. Media was removed from live cells and cells were washed once in PBS. Cells were fixed in

freshly prepared 4% formaldehyde solution for 20 mins and then washed once with PBS. Cells were stained with HA antibody to
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detect aS expression and with HOECHST (Invitrogen, H3570) for nuclear staining and with 1 mg/mL BODIPY (Life Technologies,

D3922). Single images were taken using a Nikon Eclipse Ti microscope. ImageJ (integrated density) was used to quantify differences

in LD. An n of 16 cells per condition was used in rat cortical neurons to generate t test p values. An n of 7 cells per condition was used

in human cortical neurons to generate t test p values.

Western blots
Protein analysis was performed by extracting cellular extracts from yeast, rat cortical neuron and human iPS-derived neuron sam-

ples. In general, samples were boiled with 4X NuPAGE LDS Sample Buffer (Invitrogen, NP0007), centrifuged and run on NuPAGE

4%–12% Bis-Tris Midi gels with NuPAGE MES buffer (Novex, Life Technologies, NP0002). Western blots for trafficking of CPY

were performed using protein samples generated from the same cells as were lipid profiled. ImageJ was used to quantify ER accu-

mulation of CPY and values analyzed as appropriate by t test at n = 3 for each treatment type. Samples were prepared as usual but

run on NuPAGE 8% Bis-Tris Midi gels in NuPAGE MOPS SDS running buffer (Novex, Life Technologies, NP0001). Proteins were

transferred to PVDF membranes using the iBLOT2 system (Invitrogen, IB24001). Membranes were blocked in 5% milk PBS-T or

Rocklands blocking buffer (MB-070) and blotted where appropriate with the following antibodies:
Protein Secondary Company Ref Code

aSynuclein Mouse BD BDB610786

CPY Mouse Invitrogen A6428

PGK1 Rabbit Antibodies Online ABIN568371

GFP Mouse Roche 11814460001

HA Rat Roche Clone 3F10, 12013819001

Tubulin Mouse Sigma Clone B-5-1-2, T5168

SCD1 Mouse Abcam ab19862

Actin Rabbit Abcam ab8227

Transferrin Rabbit Abcam ab84036

DJ-1 Rabbit - Baulac et al., 2004

Phosphorylated aS Rabbit Abcam ab168381
FA and choline treatments
Yeast and neuron FA treatment (fatty acids have been shown to be taken up in multiple cell types: Alexander et al., 1998; Black and

DiRusso, 2003, 2007; Ebert et al., 2003; Edmond et al., 1987; Melton et al., 2011; Taı̈b et al., 2013; Zou et al., 2002) was performed in

CSM.Gal and neurobasal medium, respectively. FAs [OA (SigmaO1383), palmitic acid (Sigma P5585), palmitOA (Sigma 76169), stea-

ric acid (Sigma 85679)] were diluted in FA free bovine serum albumin (Sigma A8806) and supplemented in to media. Choline (choline

chloride Sigma C7527) was diluted in water and supplemented in to CSM.gal media for yeast experiments.

aS toxicity models in rat neurons and human neurons
Rat embryonic cortical neurons and NGN2-induced human neurons expressing human aSwere used as relevant neuronal models for

aS-mediated perturbation of lipid homeostasis. Isolated and enriched neurons were maintained in adherent monolayer culture.

These neurons were transducedwith Lentiviral constructs harboring neuron-specific human synapsin promoter and human aS trans-

gene or a control gene (i.e., GFP in the same vector backbone).

Preparation and maintenance of rat cortical neurons
Rat embryos from anesthetized pregnant Sprague-Dawley rats (Charles-River Laboratories) at embryonic day 18 were harvested by

cesarean microdissection under a stereoscope. Dissected cortices were collected in HBSS on ice. Cells were dissociated with

Accumax (Innovative Cell Technologies) and DNase (40 U/ml) treatment at 37�C for 25 min followed by gentle triutration with sterile

Pasteur pipette in complete neurobasal medium (Life Technologies) supplemented with B27 (Life Technologies), glutamine (0.5 mM),

b–mercaptoethanol (25 mM), penicillin (100 IU/mL) and streptomycin (100 mg/mL). Cell suspension was filtered through a 70 mM cell

strainer to remove tissue debris and clumps. For seeding the cells, flat-bottom polystyrene plates [96-well, 24-well, 6-well] were

coated with poly-ornithine and laminin and the 8-well glass chambers (Lab-Tek; 70378-81) were coated with poly-D-Lysine. The iso-

lated cell suspension was seeded at a density of 40,000 cells (per well of 96-well plate), 200,000 cells (per well of 24-well plate),

1,000,000 cells (per well of 6-well plate) or 88,000 cells (per well of 8-well glass chamber) in neurobasal medium with previously

mentioned supplements. The spent mediumwas exchanged with fresh complete neurobasal media (without b–mercaptoethanol) af-

ter the first 4 days of incubation. Neuronal morphology was observed under an inverted phase contrast microscope. The neurons

exhibit progressively robust neurite extension that forms a network with neighboring neurons and have minimal non-neuronal-like

cells after 4 days in vitro (DIV).
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NGN2 induced human neuron differentiation protocol
The induced human neurons (cell line is called CORR-1) were generated as described previously (Soldner et al., 2011) andmaintained

as feeder free cells in defined, serum-free media (mTeSR, Stem Cell Technologies). To generate the NGN2-inducible iPSC line, virus

was produced as described previously (Pang et al., 2011) with FUW-TetO-Ngn2-P2A-Puromycin (Addgene plasmid #52047) and

FUW-M2rtTA (Addgene plasmid #20342). The iPSC line was transduced with each virus at an MOI of 30 and expanded as feeder

free cells in mTesr. Neural induction was achieved with minor modifications to previous protocols (Zhang et al., 2013); briefly on

day zero of the differentiation theNGN2-iPSC linewas dissociatedwith accutase (StemCell Technologies) and plated inmTesrmedia

(supplemented with 10 mM ROCK inhibitor Y-27632 and 2 mg/mL Doxycycline) at 750,000 cells/well on a matrigel coated well of a

6-well plate. On day one of the differentiation, the culture media was changed to DMEM/F12 supplemented with N2 (GIBCO, Cat

No. 17502-048), B27 (GIBCO, Cat No. 17504-044), non-essential amino acids, GlutaMAX, 2 mg/mL puromycin and 2 mg/mL doxycy-

cline. For days 3-7 the cells were maintained in DMEM/F12 supplemented with N2, B27, NEAA, GlutaMAX and 2 mg/mL doxycycline.

On day 7 the cells were dissociated with accutase and replated in PEI coated 6-well plate in DMEM/F12 supplemented with N2, B27,

10 ng/mL BDNF, 10 ng/mL GDNF, 2 mM cAMP, 0.4 mM ascorbic acid, 2 mg/mL laminin, 10 mM Y-27632 and 0.5 mM AraC. The neu-

rons were maintained in BrainPhys media (Stem Cell Technologies) supplemented with N2, B27, 10 ng/mL BDNF, 10 ng/mL GDNF,

2 mM cAMP, 0.4 mM ascorbic acid and 2 mg/mL laminin with half media changes every 2-3 days for 7 days before viral transduction.

Lentivirus constructs and virus preparation
pLV-hSyn Lentiviral expression vector under the synapsin (hSyn) promoter was obtained from Addgene (Addgene #22909) (Nathan-

son et al., 2009). For Lentiviral constructs, expression vectors (pLV-hSyn-hSNC or pLV-hSyn-mGFP) were generated with the human

synapsin promoter upstream of the human aS(hSNC) or a monomeric GFP (mGFP) cDNA. To prepare the Lentivirus, psPAX2 pack-

aging vector and pMD2.G envelope vector along with the pLV-hSyn expression vector were transfected in 90% confluent monolayer

of adherent 293T cells in 10 cm plates using Lipofectamine2000 (Invitrogen) transfection reagent following the manufacturer’s in-

struction. Lentivirus was harvested from the supernatant of the transfected 293T cells at 2, 3 and 4 days post-transfection. Virus

from the collected supernatant was purified using Lenti-X Maxi Purification Kit (Clontech) according to the protocol provided by

the manufacturer. The purified virus was concentrated with Lenti X concentrator (Clontech) according to the instructions. Viral pellet

was resuspended in Neurobasal media (Life Technologies). Viral titer was determined using Lentivirus-Associated p24 ELISA Kit (Cell

BioLabs) according to the manufacturer’s protocol.

Viral transduction of rat primary cortical cultures and human neural cells
Rat cortical cultures were transduced with various multiplicities of infection (MOI) of Lentivirus at day in vitro (DIV) 4. Differentiated

human neurons were transduced with the Lentiviral preparation 7 days post differentiation.

DsiRNA treatment of rat cortical cultures and human neurons
Predesigned Dicer-Substrate siRNA (DsiRNA) for target genes were ordered from IDT and preparations were transfected into the

neuronal cultures using Lipofectamine RNAiMAX Reagent (ThermoFisher, 13778075) using manufacturer’s protocol. All experiments

involving DsiRNAs and fatty acid treatments were performed with viral titer of MOI5. In many cases, multiple DsiRNA were used for

ATPmeasurements in rat cortical neurons and graphs presented are representative of DsiRNA trends. Neurons transduced with Len-

tiviral preparations and/or transfected with DsiRNAs were processed for neuronal toxicity assay after indicated time points. As a

readout of neuronal toxicity, cell viability wasmeasured by quantifying cellular ATP content using ViaLight Plus Cytotoxicity BioAssay

Kit (Lonza). Cell Titer Blue Cell Viability Assay (Promega) was employed as an additional viability readout. Adenylate Kinase assays

were performed using the ToxiLight bioassay kit (Lonza).

RT-PCR to determine gene depletion in rat cortical neurons following DsiRNA treatment
Having unsuccessfully trialed many antibodies for our protein knockdown targets in rat cortical neurons, we transitioned to RT-PCR

to get the most accurate readout for degree of expression knockdown. RNA was extracted from cells using the Ambion Cells-to-CT

kit (ThermoFisher Scientific A25603) according to the manufacturers protocol. RT-PCRwas performed using the Ambion Cells-to-CT

kit coupled with pre-mixed primers specific for rat genes that were targeted for depletion (Taqman Gene Expression Assays,

ThermoFisher Scientific).

Rat cortical neuron treatment with SCD inhibitors
SCD inhibitors (HY19762 and HY15700, MedChemexpress) and (ab142089, Abcam) were diluted in DMSO and added to rat cortical

neurons at concentrations indicated in figures.

Immunoblotting
Neuronal cultures were harvested to detect various proteins by lysing the cells in RIPA buffer (25 mM HEPES, pH 7.5, 150 mM NaCl,

0.25% Deoxychloate, 10% Glycerol, 25 mM NaF, 10 mM MgCl2, 1 mM EDTA, 1% Triton X-100, 0.5 mM PMSF, protease inhibitor

cocktail from Roche). Protein samples from total cell lysate were processed under denaturing conditions by adding 1X LDS sample

buffer with 100 mM DTT. Processed cell lysate was separated in 4%–12% NuPage Bis-Tris polyacrylamide gel (Life Technologies)
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and transferred onto PVDF membranes using iBlot protein transfer apparatus (Life Technologies). Membranes were blocked in 5%

non-fat drymilk in PBST for 1 hr at room temperature followed by incubation with primary antibodies in 5%non-fat drymilk in PBST at

4�C overnight with gentle rocking. The blots were then washed with PBST for 3 X 15 min and incubated with secondary antibodies

conjugated to IRDye 680 or 800 (1:10,000, Rockland) or to HRP (1:10,000, Sigma) in 5% non-fat dry milk in PBST for 1 hr at room

temperature. After three 15min washes with PBST, blots were developed with SuperSignal West Femto maximum sensitivity chemi-

luminescent substrate (ThermoFisher Scientific) by ChemiDoc MP Imaging System and analyzed by Image Lab software (Bio-Rad).

C. elegans Model for Dopaminergic Neuron Degeneration
UA44 animals bearing an a-syn::GFP transgene under the control of the dat-1 DAergic neuron specific promoter simultaneously ex-

press aS and GFP in the eightC. elegans dopaminergic (DA-ergic) neurons (4 CEP, 2 ADE and 2 PDE). UA44 animals were crossed in

fat-7 mutants, which were raised on fat-6 RNAi for the duration of the experiments. The extent to which DA neurons degenerated in

wild-type and fat-6;fat-7 animals was measured over a 10-day period beginning with the first day of adulthood. Degeneration of

dopaminergic neurons was measured as described (Tucci et al., 2011). The extent to which DAergic neurons degenerated in

wild-type animals expressing aS (UA44) and fat-6;fat-7 animals in the UA44 background was measured over a 10-day period begin-

ning with the first day of adulthood. N = 55 animals, UA44; 65 animals, UA44;fat-6;fat-7.

Patient aS Triplication and Genetically Corrected Lines Neuronal Differentiation
Patient triplication and genetically corrected lines were obtained from EBiSC [https://cells.ebisc.org/EDi001-A] [https://cells.ebisc.

org/EDi001-A-4] (Devine et al., 2011). Neurogenin 2 Induced Neuron (Ngn2-iN) Differentiation iPSCs were transduced with 3 lentivi-

ruses on day 0 (Maherali et al., 2008; Vierbuchen et al., 2010; Zhang et al., 2013): Ngn2 (pTet-O-Ngn2-puro), rtTA (FUdeltaGW-rtTA)

and GFP (Tet-O-FUW-EGFP). FUdeltaGW-rtTA was a gift from Konrad Hochedlinger (Addgene plasmid #19780). Tet-O-FUW-EGFP

was a gift from Marius Wernig (Addgene plasmid #30130). pTet-O-Ngn2-puro was a gift from Marius Wernig (Addgene plasmid

#52047). Neural induction was essentially as per (Zhang et al., 2013) with some minor modifications. Briefly, on day 0, lines were

plated in mTesr media (supplemented with 10 mM ROCK inhibitor Y-27632 and 2 mg/mL Doxycycline) on a matrigel coated 6-well

plates. On day 1, media was changed to KSR media containing DOX (2 mg/mL). On day 2, media was changed to KSR:N2B (1:1)

with DOX (2 mg/mL) and puromycin (5 mg/mL). On day 3 media was changed to N2B supplemented with B27 with DOX and puromy-

cin. On day 4, media was changed to NBM media with B27, DOX (2 mg/mL), puromycin, growth factors (BDNF/CNTF/GDNF) and

ROCK inhibitor. From day 5 onward cells weremaintained in NBMmedia containing B27, DOX, purpomycin and growth factors. Cells

were profiled on day 23 (as per protocols above). Data were normalized to total positive lipid ion signal and to total protein and both

gave similar results.

Human embryonic stem cell (hESC) culture and neuronal differentiation
Maintenance and neuronal differentiation of the hESC line BGO1 (NIH code: BG01; BresaGen, Athens, GA) and the isogeneic genet-

ically engineered BGO1-SNCAE46K line carrying the E46K mutation in SNCA have been described in detail before (Soldner et al.,

2011; Soldner et al., 2016). In brief, hESCs were maintained on mitomycin C-inactivated mouse embryonic fibroblast feeder layers

in hESC medium (DMEM/F12 supplemented with 15% FBS (Hyclone), 5% KnockOut Serum Replacement, 1 mM glutamine, 1%

nonessential amino acids, 0.1 mM b-mercaptoethanol (Sigma) and 4 ng mL�1 FGF2 (R&D systems). Cultures were passaged every

5-7 days either by trituration or enzymatically with collagenase type IV (Invitrogen; 1.5 mg mL�1). To induce neuronal differentiation,

hESCs were harvested using 1.5 mg mL�1 collagenase type IV (Invitrogen), separated from the MEF feeder cells by gravity, gently

triturated, and cultured for 8 days in non-adherent suspension culture dishes (Corning) in EB medium (DMEM (Invitrogen) supple-

mented with 20% KnockOut Serum Replacement (Invitrogen), 0.5 mM glutamine (Invitrogen), 1% nonessential amino acids (Invitro-

gen), 0.1 mM b-mercaptoethanol (Sigma)) supplemented with 50 ng mL�1 human recombinant Noggin (Peprotech) and 1,000 nM

dorsomorphin (Stemgent). Subsequently human EBs were plated onto poly-L-ornithine (15 mg mL�1, Sigma), laminin

(1 mg mL�1Sigma), fibronectin (2 mg mL�1 Sigma) coated tissue culture dishes in N2 medium (Kim et al., 2003) supplemented with

50 ng mL�1 human recombinant Noggin (Peprotech), 1,000 nM dorsomorphin (Stemgent) and FGF2 (20 ng mL�1, R&D systems).

After 8 days, neural rosette-bearing EBs were cut out bymicrodissection, dissociated using 0.05% trypsin/EDTA solution (Invitrogen)

and subsequently expanded on poly-L-ornithine, laminin, and fibronectin coated cell culture dishes a density of 53 105 cells per cm2

in N2 medium supplemented with FGF2 (20 ng mL�1, R&D systems). Proliferating NPCs were passaged 5 times before induction of

terminal differentiation into neurons by growth factor withdrawal in N2 medium supplemented with ascorbic acid (Sigma). Differen-

tiated neurons were passaged using Accutase (Stem cell technology) 12 days after withdrawal of growth factors and harvested for

analysis at day 38 of terminal differentiation. An n of 6 was analyzed for BGO1 and BGO1-SNCAE46K lines.

Mouse Experiments
All animal procedures were approved by the Institutional Animal Care and Use Committee at BWH (IACUC protocol #05022). B6-Tg

(SNCA*WT) mice were generated by micro-injection into C57BL/6J one-cell embryosB6N.Cg-Tg(SNCA*E46K)3Elan/J mice (E46K)

were purchased from Jackson Laboratories. We chose this mouse because 1) it is genomically humanized and thus closer to the

human fPD genetic state and 2) it has aS tg expression in striatal and cortical regions. An initial characterization that includes

evaluating DAergic integrity is found online (https://www.michaeljfox.org/files/MJFF_SfN_aSyn_Poster.pdf). This mouse had no
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significant changes in striatal dopamine and/or SNpc TH+ cell counts at 4, 8 or 12 mos versus Bl6 controls. Nonetheless, compared

to all other published aSmice, this BAC-E46K showed themost promising trend toward reduced TH counts at 12mos, so we chose it

for the requested comparison.

Western blot analyses

For western blotting, 10 mg total protein of RIPA extracts of dissected mouse brain regions were electroblotted onto nitrocellulose

membranes (Millipore, Bedford, MA). For improved immunodetection of aS (monomers of which are prone to washing off filters),

the membranes were fixed in 0.4% paraformaldehyde (PFA) for 20 min. After washing in phosphate-buffered saline (PBS), mem-

branes were blocked for 1 hr at RT in PBST (phosphate-buffered saline with 0.2% Tween-20) containing 5% bovine serum albumin

(BSA). Blots were then incubated with human-specific aS antibody (15G7, Enzo; 1:500). After washing with PBST, membranes were

probed with appropriate secondary antibodies (1:5000, American Qualex, CA), visualized with enhanced chemiluminescence (ECL,

PerkinElmer, Boston, MA). Proteins were normalized to b-actin (A5441, Sigma; 1:3000) used as a loading control. Quantification of

signal intensities was performed as described (Nuber et al., 2008).

Pole test

Mice were placed on top of a 50 cm vertical pole (all-thread metal rod) with a diameter of 1 cm and tested for their ability to descend

from a round (‘‘assistant’’) platform (2.5 cm diameter; head-down guidance). The test consisted of 3 consecutive trials with inter-trial

pause of 5 min. Average times were calculated for each mouse. N = 6 for each mouse type.

Wire test

Animals were placed on the hanging wire. The test consisted of 3 consecutive trials for each mouse with a 10 min interval between

each repetition. Maximal time was 90 s. Average times to endure on the wire were calculated for each mouse. WT N = 6, E46K N = 5.

Mouse brain biochemical analyses

Cortical Unsaturated fatty acids (UFA), DG and TG were measured in total cortical lipid extracts (Lipid Extraction Kit; ab211044; Ab-

cam) using a colorimetric enzymatic assay (UFA: Cell Biolabs, STA-613; DG: Cell Biolabs, MET-5028; TG: abcam, ab65336). Cortical

proteins were extracted in RIPA buffer (TBS+, 1%NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) and the extrac-

tion step followed by ultracentrifugation for 30 min at 120,000g.

Cell lines and cell culture for inclusion assays
Stable M17D/aS-3K cell pools (Dettmer et al., 2015a) and the doxycycline-inducible cell line M17D-TR/aS-3K::YFP//RFP (Dettmer

et al., 2017) were generated as described previously from human neuroblastoma cells (BE (2)-M17, called M17D; ATCC number

CRL-2267). Cells were cultured at 37�C, 5% CO2 in ‘‘DMEM complete’’, i.e., in Dulbecco’s modified Eagle’s medium (DMEM) sup-

plemented with 10% FBS, 50 units per mL penicillin, 50 mg per mL streptomycin and 2 mM L-glutamine.

aS inclusion formation assay
Expression of aS 3K::YFP in M17D-TR/aS-3K::YFP//RFP cells (RFP expression is constitutive) was induced by adding 1 mg/mL dox

and inclusion formation was followed over 24 hr using the IncuCyte Zoom 2000 platform (Essen Biosciences). Images (red, green,

bright field) were taken every 2 hr. To measure inclusion formation, we created the processing definition ‘‘Inclusions’’ (see Dettmer

et al., 2017 for details) and inclusion signals were normalized to the constitutive RFP signal.

OA loading of aS-inclusion-forming neuroblastoma cells
Dox-inducible M17D-TR/aS-3K::YFP//RFP cells were plated in 384-well plates in DMEM complete without FBS. The day after,

BSA/OA complexes were mixed with fresh DMEM complete medium just before application to the cultures (Sharon et al., 2003).

The complexes were prepared by mixing BSA with OA at a molar ratio of 1:5 (Cayman Chemical, 90260) in binding buffer (10 mM

Tris HCl [pH 8.0], 150 mM NaCl) followed by incubation at 37�C for 30 min. Control wells were incubated in parallel with BSA alone.

After 6 hr incubation, cells were induced by adding 1 mg/mL dox. Inclusion formation was followed over 24 hr via Incucyte Zoom 2000

and quantified as described previously.

SCD1 knockdown in aS-inclusion-forming neuroblastoma cells
M17D-TR/aS-3K::YFP//RFP cells were plated in 96-well plates (25% confluent). The day after plating, 30 mL OptiMEM + 2.5 mL

Trifecta RNAi (either control or SCD1) (IDT TriFECTa DsiRNA Kit - SCD1 human) and 25 mL OptiMEM + 1.5 mL Lipofectamine RNAi-

MAX Transfection Reagent (Life Technologies, 13778150) were prepared and mixed together. 10 mL of this mix was added to the

100 mL volume in the 96-well plate for 48 hr. Cells were dox-induced and inclusion formation was monitored for 24 hr via Incucyte.

Cells were lysed and knockdown efficiency was monitored by immunoblotting.

Scd1 inhibition in aS-inclusion-forming neuroblastoma cells
M17D-TR/aS-3K::YFP//RFP cells were treated with Scd1 inhibitor 24 hr after plating on 384-well plates, at 1 or 10 mM (HY19762 or

HY15700, MedChemexpress) and immediately induced via dox, followed by Incucyte-based analysis.
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Crosslinking and sequential extraction of treated neuroblastoma cells
M17D/aS-3K cells were plated in 10cm dishes. For OA treatment, the BSA/OAmix was added as described above for 30 hr (to mimic

the 6h incubation time then the 24 hr induction in the other experiment). For the SCD1 inhibitor experiment, cells were treated for 24 hr

at a final concentration of 10mM of the drug. After that, cells were collected to perform intact cell crosslinking and sequential extrac-

tion as described before (Dettmer, Nat.com. 2015). Briefly, the 10 cm dishes were splitted into 4 tubes: 3 different tubes for the cross-

linking experiment with different amount of DSG and a fourth one for the sequential extraction. BCA assay was performed on the

crosslinked samples to match samples that have similar protein concentration as an indication of protein-to-crosslinker ratio. The

quality of the crosslinking was evaluated via dimer:monomer ratio on DJ-1 control blots. Sequential extraction efficiency was eval-

uated by distribution of cytosolic (marker: DJ-1) and the membrane fraction (marker Tfr). BCA assay and matching of samples that

have similar protein con-centration as an indication of similar protein-to-crosslinker ratios. The most important criterion for data

inclusion was equal crosslinking observed for the DJ-1 control blots (no apparent differences in DJ-1 dimer:monomer ratios was

a pre-established criterion).

Immunoblotting
Protein concentrations were determined by BCA assay (Thermo Scientific) following the manufacturer’s directions. Samples were

prepared for electrophoresis by the addition of NuPAGE LDS sample buffer and boiling for 10 min. 20mg of total protein were loaded

per lane. Samples were electrophoresed on NuPAGE 4%–12%Bis-Tris gels with NuPAGEMES-SDS running buffer and the SeeBlue

Plus2MWmarker. After electrophoresis, gels were electroblotted onto Immobilon-Psq 0.2mmPVDFmembrane (Millipore) for 90min

at 400 mA constant current at 4�C in 25 mM Tris, 192 mM glycine, 20% methanol transfer buffer. After transfer, membranes were

incubated in 0.4% paraformaldehyde, PBS for 30 min at RT, rinsed twice with PBS, stained with 0.1% Ponceau S in 5% acetic

acid, rinsed with water and blocked in 0.2% IBlock solution (PBS containing 0.1% (v/v) Tween 20 (PBS-T) and 0.2% (w/v) IBlock)

for either 30 min at RT or overnight at 4�C. After blocking, membranes were incubated in primary antibody in 0.2% IBlock with

0.02% sodium azide for either 1 hr at RT or overnight at 4�C. Membranes were washed 3 3 10 min in PBS-T at RT and incubated

(45 min at RT) in horseradish peroxidase-conjugated secondary antibody (GE Healthcare) diluted 1:10,000 in 0.2% IBlock solution.

Membranes were then washed 3 3 10 min in PBS-T and developed with SuperSignal West Dura (Thermo Scientific).
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