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Neutral Lipid Cacostasis Contributes to Disease
Pathogenesis in Amyotrophic Lateral Sclerosis
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Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscular disease characterized by motor neuron (MN) death. Lipid dysre-
gulation manifests during disease; however, it is unclear whether lipid homeostasis is adversely affected in the in the spinal
cord gray matter (GM), and if so, whether it is because of an aberrant increase in lipid synthesis. Moreover, it is unknown
whether lipid dysregulation contributes to MN death. Here, we show that cholesterol ester (CE) and triacylglycerol levels are
elevated several-fold in the spinal cord GM of male sporadic ALS patients. Interestingly, HMG-CoA reductase, the rate-limit-
ing enzyme in cholesterol synthesis, was reduced in the spinal cord GM of ALS patients. Increased cytosolic phospholipase
A2 activity and lyso-phosphatidylcholine (Lyso-PC) levels in ALS patients suggest that CE accumulation was driven by acyl
group transfer from PC to cholesterol. Notably, Lyso-PC, a byproduct of CE synthesis, was toxic to human MNs in vitro.
Elevations in CE, triacylglycerol, and Lyso-PC were also found in the spinal cord of SOD1G93A mice, a model of ALS. Similar
to ALS patients, a compensatory downregulation of cholesterol synthesis occurred in the spinal cord of SOD1G93A mice; levels
of sterol regulatory element binding protein 2, a transcriptional regulator of cholesterol synthesis, progressively declined.
Remarkably, overexpressing sterol regulatory element binding protein 2 in the spinal cord of normal mice to model CE accu-
mulation led to ALS-like lipid pathology, MN death, astrogliosis, paralysis, and reduced survival. Thus, spinal cord lipid dys-
regulation in ALS likely contributes to neurodegeneration and developing therapies to restore lipid homeostasis may lead to
a treatment for ALS.
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Significance Statement

Neurons that control muscular function progressively degenerate in patients with amyotrophic lateral sclerosis (ALS). Lipid
dysregulation is a feature of ALS; however, it is unclear whether disrupted lipid homeostasis (i.e., lipid cacostasis) occurs
proximal to degenerating neurons in the spinal cord, what causes it, and whether it contributes to neurodegeneration. Here
we show that lipid cacostasis occurs in the spinal cord gray matter of ALS patients. Lipid accumulation was not associated
with an aberrant increase in synthesis or reduced hydrolysis, as enzymatic and transcriptional regulators of lipid synthesis
were downregulated during disease. Last, we demonstrated that genetic induction of lipid cacostasis in the CNS of normal
mice was associated with ALS-like lipid pathology, astrogliosis, neurodegeneration, and clinical features of ALS.

Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive paralytic
neuromuscular disorder characterized by the degeneration of
motor neurons (MNs) in the brain and spinal cord. Several lines
of evidence suggest that lipid dysregulation contributes to disease
pathogenesis in ALS. Notably, several genes implicated in ALS
(e.g., ANG, C9ORF72, HNRNPA1, SIGMAR1, SOD1, TARDBP,
VAPB, and VCP) and modifiers of disease progression (e.g.,
ATXN2 and liver X receptor [LXR]) are significant modulators
of lipid homeostasis (Moore and Riordan, 1990; Lastres-Becker
et al., 2008; Chiang et al., 2010; Su et al., 2010; Morris et al., 2014;
Yu et al., 2014; Li et al., 2015; Sanhueza et al., 2015; Tokutake et
al., 2015; Mouzat et al., 2018; Liu and Wang, 2019). In addition,
disrupted lipid metabolism (i.e., lipid cacostasis) occurs in the
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spinal cord during aging (Parkinson et al., 2016), a risk factor for
developing ALS. Furthermore, cholesterol ester (CE) accumula-
tion is observed in whole spinal cord tissue homogenates of spo-
radic ALS patients and in rodent models of ALS (Cutler et al.,
2002; Chaves-Filho et al., 2019), and total cholesterol levels are
elevated in the CSF of ALS patients (Abdel-Khalik et al., 2017).
And last, dyslipidemia and altered apolipoprotein metabolism in
blood are risk factors for ALS, and are also prognostic indicators
of disease progression in ALS patients (Dupuis et al., 2008; Dorst
et al., 2011; Mariosa et al., 2017; Chen et al., 2018). Although it is
evident that lipid cacostasis manifests during ALS, it is still
unclear whether it occurs in the region of the spinal cord where
MNs degenerate, specifically the ventral gray matter (GM), and if
so, what causes it. Potential triggers of lipid accumulation include
an aberrant increase in lipid synthesis, a reduction in hydrolysis, or
an impairment in lipid transport. Finally, it is unknown whether
lipid cacostasis in the spinal cord contributes to MN death or
whether it is just a consequence.

In the adult CNS, cholesterol synthesis occurs primarily in
astrocytes (Nieweg et al., 2009) and is regulated by the trans-
cription factor sterol regulatory element binding protein-2
(SREBP2), which also plays a more limited role in modulating
fatty acid, triacylglycerol (TAG), and phospholipid levels (Horton et
al., 1998). Interestingly, in human fibroblasts, the expression of
SREBP2 and HMG-CoA reductase (HMGCR), the rate-limiting
enzyme in cholesterol synthesis, is inhibited by SOD1 independ-
ently of its dismutase activity (Mondola et al., 2002; De Felice et al.,
2004). This is intriguing because SOD1-related ALS purportedly
arises through a toxic property of the mutant enzyme rather than
through a change in dismutase activity (Borchelt et al., 1994, 1995).
Whether or not mutant SOD1 adversely affects the proteolytic proc-
essing of SREBP2 to induce an aberrant increase in lipid synthesis,
and subsequently MN degeneration, remains unknown.

Here we show that CEs, TAG, and lysophosphatidylcholine
(Lyso-PC), a byproduct of CE synthesis, are significantly elevated
in the spinal of sporadic ALS patients, especially in the GM.
Similar progressive changes in neutral lipids were also observed
in the spinal cords of SOD1G93A mice, a familial mouse model of
ALS. Notably, we also found that specific isoforms of Lyso-PC
were toxic to human MNs in vitro. Interestingly, SREBP2 and
HMGCR, transcriptional and enzymatic initiators of de novo
cholesterol synthesis, were reduced in the spinal cords of ALS
patients and SOD1G93A mice, whereas enzymes that promote
lipid hydrolysis were upregulated during disease. Finally, we
show that increasing SREBP2 in the CNS of WT mice resulted in
ALS-like neutral lipid accumulation and the development of a
robust ALS disease phenotype featuring astrogliosis, MN degen-
eration, muscular atrophy, paralysis, and a reduced lifespan.
These findings suggest that disease-associated neutral lipid accu-
mulation in the spinal cord likely contributes to MN death and
that restoring lipid metabolism to its optimal homeostatic state
may lead to a disease-modifying treatment for ALS.

Materials and Methods
Human tissue samples. Cervical spinal cord segments from 6 male

patients who died of respiratory failure caused by advanced ALS were
used in our analyses. Control samples were obtained from 7 age-
matched male individuals without evidence of neurologic disease.
Human tissue was obtained from the National Institute of Child Health
and Human Development Brain and Tissue Bank for Developmental
Disorders at the University of Maryland (Contract HHSN275200900011C,
Reference N01-HD-9-0011).

Animals. Transgenic male ALS mice that express the mutant
SOD1G93A transgene at high levels (B6SJL background strain) were di-
vided equally among groups. Mutant SOD1G93A gene copy number and
protein expression were confirmed by PCR and Western blot analysis,
respectively. Animals were housed under light:dark (12:12 h) cycles and
provided with food and water ad libitum. At 75d of age, food pellets
were place on the cage floor to facilitate access and consumption. Mice
were scored daily into the following phases: symptomatic (SYMP; me-
dian age of 82d) = abnormal hindlimb splay; end stage (ES; median age
of 103 d) = onset of limb paralysis (typically hindlimb); and moribund
(MB; median age of 122 d) = unable to right themselves within 30 s after
being placed on their backs. WT mice used in adenovirus-associated vi-
rus (AAV) gene transfer studies were generated from B6SJL breed pairs.
All samples taken from mice were collected between 9:45 A.M. and
10:15 A.M. unless stated otherwise to avoid variation because of circa-
dian fluctuations in metabolism. All procedures were performed using
protocols approved by Sanofi Genzyme’s Institutional Animal Care and
Use Committees.

Experimental design and statistics. The experimental design for each
assay is described in its subsection below. Normality was determined
using the Shapiro-Wilk normality test. Datasets that failed the normality
test were analyzed with a Mann–Whitney test. A two-tailed unpaired
t test was used to compare datasets that passed the normality test and
that had equal variances. If dataset variances were significantly different,
then an unpaired t test with Welch’s correction was used to compare
groups that passed the normality test. Statistical tests comparing multi-
ple groups were performed using either a one-way or two-way
ANOVA followed by a Dunnett’s multiple comparison post hoc test to
find differences between group means. Survival analysis was conducted
by the Kaplan–Meier method. A value of p, 0.05 was considered stat-
istically significant. All statistical tests were performed using GraphPad
Prism Software 7.0.

Lipid analysis. CE, triacylglyceride, and phospholipid analysis of
human and mouse spinal cord samples was conducted by Metabolon.
For human samples, grey matter (GM) and ventral white matter (VWM)
tissue segments from the cervical spinal cord were analyzed separately
(n=6 or 7/tissue type/group). In mouse experiments, whole lumbar spinal
cords were used (n=8–10/group). Briefly, lipids were extracted from spi-
nal cord samples (35–50mg) in methanol:dichloromethane in the pres-
ence of internal standards. Sample extracts concentrated under nitrogen
and reconstituted in 0.25 ml of 10 mM ammonium acetate dichlorome-
thane:methanol (50:50) were transferred to inserts and placed in vials for
infusion-MS analysis, performed on a Shimazdu LC with nano PEEK tub-
ing and the Sciex SelexIon-5500 QTRAP. The samples were analyzed via
both positive and negative mode with electrospray ionization. Individual
lipid species were quantified by taking the peak area ratios of target com-
pounds and their assigned internal standards, then multiplying by the
concentration of internal standard added to the sample.

Measurement of cholesterol and its precursors, lanosterol, desmos-
terol, and 24,25 dihydrolanosterol (24DHLan), was performed by
Biocrates Life Sciences AG. Sample homogenates were prepared by
Dounce homogenizing (20 strokes) human cervical spinal cord tissue
GM and VWM tissue (n= 6 or 7/tissue type/group), mouse lumbar spi-
nal cord tissue (n=5/group), and mouse feces (25mg; n = 5/group) sam-
ples in the following buffer (20� vol/weight): 10 mM HEPES, 10 mM

NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 5 mM EDTA, 1 mM CaCl2, and 0.5
mM MgCl2. Homogenates were placed on ice for 10min and then centri-
fuged at 6300 � g at 4°C for 10min. Cholesterol analytes were extracted
from the tissue homogenate supernatants, mouse plasma (100 ml; n = 5/
group), and mouse serum (100ml; n = 5/group) with methanol using the
BIOCRATES Kit filter plate, which was preloaded with an internal
standard mixture. The extract was then subjected to alkaline hydrolysis
to release oxysterols from their respective esters. After neutralization, the
metabolites were determined by UHPLC-tandem mass spectrometry
with Multiple Reaction Monitoring in positive mode using a SCIEX API
QTRAP 5500 mass spectrometer with electrospray ionization.

Enzyme activity assays. Tissue homogenates were prepared by
Dounce homogenizing human GM and VWM cervical spinal cord seg-
ments (n=6 or 7/tissue type/group) in an ice-cold buffer (10 ml/g tissue;
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50 mM HEPES, 1 mM EDTA, pH7.4). Homogenates were centrifuged at
10,000 � g for 15min at 4°C. Supernatants were removed and then ana-
lyzed for lipoprotein lipase (item #STA-610; Cell Bio Labs) and cytosolic
phospholipase A2 (item #765021, Cayman Chemical) enzyme activities
using assay kits according to the manufacturer’s directions.

qRT-PCR. Total RNA was extracted with Ambion MagMAX-96
RNA isolation kit (Applied Biosystems) from the lumbar spinal cords of mice
(N=8-14/group), reverse-transcribed, amplified with TaqMan One-Step
RT-PCR Master Mix Kit (Applied Biosystems), and analyzed on an ABI
PRISM 7500 Real-Time PCR System (Applied Biosystems). Primer probes
purchased from Thermo Fisher Scientific were used to quantify the expres-
sion levels for SREBP2 (Mm01306292_m1), lysosomal acid lipase (LIPA)
(Mm01204979_m1), hormone-sensitive lipase (LIPE) (Mm00495359_m1),
LIPC (Mm00433975_m1), lipoprotein lipase (LPL) (Mm00434764_m1),
DHCR24 (Mm00519071_m1), DHCR7(Mm00514571_m1), acyl-CoA cho-
lesterol acyltransferase (SOAT1) (Mm00486279_m1), cytosolic phospholipase
A2 (cPLA2)/Pla2g4a (Mm00447040_m1), lecithin:cholesterol acyltransferase
(LCAT) (Mm00500505_m1), microsomal triglyceride transfer protein
(MTTP) (Mm00435015_m1), ABCA1 (Mm00442646_m1), ABCG1
(Mm00437390_m1), CAV1(Mm00483057_m1), CAV2 (Mm00516827_m1),
and CEL (Mm00486981_m1). Expression analysis was normalized to PPIA
(Mm02342430_g1) mRNA levels.

AAV vectors. The open reading frame of the human SREBP2 cDNA
(NCBI accession number NP_004590.2) was cloned into a shuttle plas-
mid containing the AAV2 inverted terminal repeats and the 1.6 kb cyto-
megalovirus enhancer/chicken b -actin (CBA) promoter. The plasmid,
which expressed constitutively active human SREBP2 under the CBA
promoter, was packaged into AAV serotype 9 capsid by triple-plasmid
cotransfection of HEK293T cells, and virions were column purified as
previously reported (Rabinowitz et al., 2002). As a control vector, the
hSREBP2 cDNA was replaced with a stuffer sequence to generate
AAV2/9-CBA-null (AAV9-null). The resulting vectors, AAV2/9-CBA-
hSREBP2 (AAV9-SREBP2) and AAV9-null possessed titers of 8.3� 1012

genome copies/ml and 1.2� 1013 genome copies/ml, respectively.
CNS injection of AAV vectors. On the day of birth (P0), BS6SJL

mouse pups received three injections of 2ml each into the cerebral lateral
ventricles of both hemispheres and the upper lumbar spinal cord. The
AAV9-SREBP2 vectors were injected at full strength, and thus the total
dose was 5.0� 1010 genome copies. The AAV9-null vector was diluted
with saline to titer match the AAV9-SREBP2 dose. All the injections
were performed with a finely drawn glass micropipette needle as previ-
ously described (Passini et al., 2003). Following the injections, the pups
were toe clipped to identify which pups were treated with AAV9-
SREBP2.

SREBP2 Western blots. Lumbar spinal cords were dissected from
PBS-perfused SOD1G93A mice at different disease phases (N= 6/disease
phase) and WT control (N=6) for analysis. In the AAV studies, lumbar
spinal cords were collected from PBS-perfused MB AAV-SREBP2-
treated mice (N=5), mice with significant MN death, and age-matched
sibling controls treated with AAV-null (N=5). For human samples, GM
and VWM tissue segments from the cervical spinal cord were analyzed
separately (n=6 or 7/tissue type/group). Tissues were homogenized at a
final concentration of 50mg protein/ml using T-Per lysis buffer and pro-
tease inhibitor cocktail (Pierce). The homogenates were cleared by cen-
trifugation, and the protein concentration was measured by BCA assay
(Pierce); 10-20 mg of homogenate protein was resolved on a 4%-12%
SDS-PAGE, transferred to nitrocellulose membrane, and probed with
rabbit polyclonal anti-SREBP2 (1:100; Ab30682), rabbit monoclonal
anti-HMGCR mouse (1:500, Ab174830), and monoclonal anti-b -tubu-
lin (1:5000; Ab7291) antibodies purchased from Abcam. The mem-
branes were incubated with infrared secondary antibodies (1:20,000;
LI-COR Biosciences), and protein bands were visualized by quantitative
fluorescence using Odyssey software (LI-COR Biosciences). Molecular
weight markers confirmed the sizes of the bands.

ABCA1 Western blots. ES SOD1 and WT mice (N = 5/group) were
perfused with cold 1� PBS, pH 7.4; the lumbar spinal cords were
removed, flash frozen, and stored at�8°C. Then, lumbar spinal cord tis-
sue was lysed in 2% SDS in 10 mM HEPES, pH 7.4. After BCA protein
quantification (Thermo Scientific 23225), 100mg protein per sample was

chloroform/methanol precipitated and air-dried. Next, the samples were
deglycosylated with rapid PNGase F (NEB, P0710S) in the two-step pro-
tocol according to the manufacturer’s instructions and speed-vacuumed
until dry. Then, the samples were resuspended in 1� loading dye
(NP0007) and loaded onto a Tris-acetate 3%–8% 1.0 mm NuPAGE gel
(EA03755BOX) with Chameleon Duo Prestained Protein Ladder
(Li-COR, 928-60000) and run in 1� NuPAGE Tris-Acetate Running
Buffer (LA0041). Then, the gel was transferred to the Invitrolon PVDF
membrane (LC2005) in 1� Tris-glycine transfer buffer (Bio-Rad,
1610734) on ice. At room temperature, the membrane was blocked for
1 h in Li-COR PBS blocking buffer (Li-COR, 927-40000) diluted 1:1 in
1� PBS and then for 1.5 h in the following primary and secondary anti-
bodies diluted in blocking buffer: rabbit polyclonal Abca1 antibody
(Novus, NB400-105, 1:125), mouse monoclonal a-tubulin (Sigma
Millipore, T9026, 1:1000), mouse monoclonal 800 nm secondary anti-
body (Rockland, 1:10,000), and rabbit monoclonal 680 nm secondary
antibody (Rockland, 1:10,000). The membrane was imaged on the Li-
COR Odyssey and blot intensities quantified on the Li-COR Image
Studio software. Reported levels are normalized first to loading con-
trols and then to the average normalized WT levels. All reagents are
from Thermo Fisher Scientific unless otherwise stated.

Immunohistochemistry and MN quantification. For histologic analy-
sis, mice (N = 4/group) were perfused with 4% PFA, pH 7.4; the spinal
cords were removed and placed in 30% sucrose for 48-72 h, embedded
in OCT, and cut into 10 mm frozen sections with a cryostat. To visualize
MNs spinal cord sections were blocked for 1 h at room temperature and
then incubated with a goat polyclonal anti-ChAT antibody (Millipore
AB144PMI; 1:100 dilution) for 1 h at room temperature followed by an
overnight incubation at 4°C in a humidified chamber to identify MNs.
Spinal cord sections were then incubated for 1 h at room temperature
with a biotinylated anti-mouse, Cy3-conjugated anti-goat secondary
antibody (1:250 dilution; Jackson ImmunoResearch Laboratories). To
increase ChAT-immunopositive signal, a TSA signal amplification kit
(PerkinElmer) was used according to the manufacturers’ instructions.
The number of ChAT-immunopositive cells were counted on 10 mm
coronal lumbar spinal cord tissue sections. Cells located in laminae 8
and 9 (ventral horn) of the spinal cord that exhibited a fluorescent
ChAT signal were considered MNs. Approximately 8-10 different levels
were counted to generate the overall average number of MN counts per
lumbar spinal cord segment for each animal. To prevent double count-
ing of the same cell, each section was at least 100 mm apart. Special care
was also taken to compare anatomically matched sections between dif-
ferent animals, and cell counts were collected and recorded by a blinded
observer. For ChAT and GFAP double staining, spinal cord slices
mounted onto slides were first washed in 1� KPBS (0.1 M potassium
phosphate buffer, pH 8.0). Then, the slides were boiled for 20min in 1�
citrate buffer, pH 6.0 (1:100 in water, Jackson ImmunoResearch
Laboratories, H3300), acclimated to room temperature, rinsed in 1�
KPBS, and placed in blocking buffer (5% normal donkey serum, Jackson
ImmunoResearch Laboratories, 017-000-121, 0.25% Triton X-100 in 1�
KPBS) for 1 h at room temperature. Next, the slides were incubated in
1:100 ChAT antibody and 1:200 GFAP monoclonal rat antibody
(Thermo Fisher Scientific, 13-0300) in blocking buffer (5% normal don-
key serum, 0.2% Triton X-100 in 1� KPBS) for 1.5 h at room tempera-
ture and then overnight for 2 d at 4°C in a humidified chamber. Next,
the slides were rinsed 3 times with 1� KPBS and then incubated in 1:250
secondary antibodies (Donkey anti-goat AlexaFluor-488, Donkey anti-
rat AlexaFluor-594, Thermo Fisher Scientific) for 1 h. Then, the slides
were rinsed 3 times with 1� KPBS and coverslipped with Vectashield
with DAPI (Vector Labs). The slides were imaged using the confocal
microscope (Leica Microsystems) and then images exported in Fiji
version 1.5.

Oil Red O staining. Fixed frozen spinal cord sections were brought to
room temperature and then immersed in deionized water for 2min. A
working solution of Oil Red O was prepared by combining 60 ml of a
stock solution (0.5 g Oil Red O in isopropyl alcohol) and 40 ml of 1%
dextrin solution. Slides were then placed in a filtered working solution of
0.5% Oil Red O in dextrin for 20min and then rinsed very gently in run-
ning tap water. Finally, slides were counterstained with alum
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hematoxylin for 20 s, gently rinsed with water, and then coverslipped
with aqueous mounting media.

Lean and fat mass composition measurements. Lean and fat mass in
ALS mice (as a function of disease stage) and age-matched WT counter-
parts were measured with an EchoMRI-100 (EchoMRI) according to the
manufacturer’s instructions. Measurements were conducted on living,
nonsedated mice in,1min.

Human MN viability studies. Experiments were conducted by
BrainXell using human iPSC-derived MNs from a normal control
patient (WC-30 line). The culture medium was composed of a 1:1 mix-
ture of Neurobasal Medium (Invitrogen, #21103-049) and DMEM/F12
Medium (Invitrogen, #11 330-032) supplemented with the following:
1� B27 Supplement (Invitrogen, #17504-044), 1� N2 Supplement
(Invitrogen, #17502-048), 0.5 mM GlutaMAX (Invitrogen, #35050-061),
15mg/ml Geltrex (Invitrogen, #A1413201), 200 mM ascorbic acid, 10ng/
ml BDNF (Peprotech, #450-02), and 1� BrainXell Motor Neuron
Supplement. Neurons were seeded (day 0) at 100ml/well onto white-
walled, clear-bottom, PDL-coated 96-well plates (Greiner Bio-One,
#655944) at a concentration of 10,000 neurons/well. After seeding, plates
were placed in a humidified chamber inside a standard cell culture incu-
bator with 5% CO2 at 37°C. On day 7, 10ml of the corresponding treat-
ment solution (at 20� the final concentration) was added to each well.
For the negative control condition (“vehicle”), medium alone was added.
An additional 90ml of fresh culture medium was then added to all wells
to reach a final volume of 200ml/well. Each treatment was tested in tripli-
cate in an 8 point dose-dependent manner. On day 10, the plates in each
respective group were processed to determine ATP concentration using
CellTiter-Glo 2.0 assay (Promega, G9242) according to the manufac-
turer’s protocol. All plates and reagents were brought to room tempera-
ture before beginning the assay. First, 100ml of medium was gently
removed from each well. Next, 100ml of the CellTiter-Glo buffer/lucifer-
ase solution was added to the wells. After 2min of shaking at 300 rpm
and 10min of stabilization, the relative luminescence signal was meas-
ured using a plate reader (Tecan). Plates were processed in a staggered
manner to eliminate any differences in assay timing. The release of lac-
tate dehydrogenase (LDH) into the culture medium was also measured
on day 10. LDH is normally present only in small amounts in the culture
medium but increases in concentration when released from dead or
dying cells. The LDH concentration was measured according to the
manufacturer’s protocol (Lactate Dehydrogenase Activity Assay Kit,
Sigma Millipore, #MAK066-1KT). Briefly, 50ml of culture medium (su-
pernatant) was gently removed from each well and then transferred to a
new clear-bottom plate. Assay reagents were then added to reach a final
volume of 100ml. The plates were incubated at 37°C in an incubator for
30min. The absorbance signal at 485 nm, which was proportional to the
LDH concentration, was then measured using a plate reader (Tecan).

Results
Neutral lipids accumulate in the spinal cord GM of ALS
patients
We used mass spectrometry to examine cervical spinal tissue
samples collected at autopsy from ALS patients and age-matched
controls for region-specific changes in lipids. In contrast to an
earlier study that examined C16 and C18 CE species in the whole
spinal cord (Cutler et al., 2002), we analyzed GM and ventral
white matter (VWM) samples separately for saturated (SFA),
monounsaturated (MUFA) and polyunsaturated (PUFA) species
of CE and triacylglyceride (TAG). Similar analyses were con-
ducted on whole lumbar spinal cords collected from SOD1G93A

mice at different stages of disease and their WT counterparts.
Several SFA (C14, C16, C18), MUFA (C16:1n7, C18:1n7, C18:1n9), and
PUFA (C18:2n6, C20:3n6, C20:4n6) species of CE were elevated up to
22-fold in ALS patient samples. ALS-related changes in CE were
most pronounced in the GM of the spinal cord but also occurred
in the VWM (Fig. 1a). Significant progressive increases (up to
fourfold) in CE species (C18:1n7, C18:1n9, and C18:2n6) were also

detected in the spinal cords of ES and MB SOD1G93A mice (Fig.
1b). For TAG, C16, and C18:1n9, species were increased up to
threefold in ALS patients (Fig. 1c). Similar significant changes in
TAG C18:1n9 were detected in MB SOD1G93A mice (Fig. 1d). In
SOD1G93A mice, positive Oil Red O staining, a marker of neutral
lipids, including CE and TAG, progressively increased in the spi-
nal cord central canal and white matter during disease course
(Fig. 1e,f). Collectively, our results confirm that spinal cord lipid
dysregulation is a feature of ALS and show, for the first time, that
it manifests predominantly in the GM.

Neutral lipid accumulation in ALS is not because of
increased lipid synthesis or impaired hydrolysis
Next, we determined whether spinal cord lipid accumulation in
ALS was associated with disease-related changes in lipid synthe-
sis or hydrolysis. First, we measured SREBP2, the master tran-
scriptional regulator of cholesterol synthesis, in the spinal cords
of ALS patients and SOD1G93A mice to determine whether
SREBP2 activity was aberrantly elevated during disease. Recently, it
was reported in late stage SOD1G93A mice that SREBP2 staining
was increased in astrocytes and MNs in the spinal cord (Baker
et al., 2015). This observation raises the possibility that CE
accumulation may be a consequence of increased in cholesterol
synthesis driven by SREBP2 (Fig. 2a). Interpretation of these
findings, however, is limited because quantification of the tran-
scriptionally active form of SREBP2 was not assessed in the for-
mer experiment. Here, we measured SREBP2 mRNA levels in
SOD1G93A mice, and the membrane bound precursor (125
kDa), and the transcriptionally active (60-70 kDa) forms of
SREBP2 protein in the spinal cords of SOD1G93A mice and ALS
patients. Notably, SYMP and ES SOD1G93A mice showed signif-
icant reductions in SREBP2 mRNA and robust declines (�51%
and �74%) in transcriptionally active SREBP2 compared with
WT controls (Fig. 2b; Extended Data Fig. 2-1). SREBP2 protein
levels were not altered in the GM and VWM cervical spinal
cord tissue samples of ALS patients (Extended Data Fig. 2-2).
However, HMGCR, an enzyme upregulated by SREBP2 activity
and the rate-limiting enzyme in cholesterol synthesis, was sig-
nificantly reduced in the spinal cord GM of ALS patients (Fig.
2c). Although reductions in SREBP2 and HMGCR were
observed, free cholesterol (FC) levels were not altered in the
spinal cords of ALS patients or SOD1G93A mice (Extended Data
Fig. 2-3). This was not unexpected because our analysis was
limited to measuring FC levels in whole tissue homogenates.
Measurement of FC in the endoplasmic reticulum of specific
cell types may lead to the detection of disease-related reduc-
tions in FC synthesis. In contrast to FC, we did find that lanos-
terol and desmosterol, precursors to cholesterol, and DHCR7
and DHCR24, enzymes that convert 7-dihydrocholesterol and
desmosterol to cholesterol, respectively (Fig. 2a), were signifi-
cantly altered in the spinal cords of ES SOD1G93A mice versus
WT counterparts (Fig. 2d). These changes were consistent with a
downregulation in SREBP2 and de novo cholesterol synthesis.
Interestingly, 24DHLan, an endogenous inhibitor of HMGCR, was
elevated in the spinal cords of SOD1G93A mice (Fig. 2e). In ALS
patients, lanosterol was also significantly reduced in the spinal cord
(Fig. 2f); however, 24DHLan and desmosterol were not altered
(Extended Data Fig. 2-4). TAG accumulation was also not associ-
ated with an aberrant increase in synthesis. The expression of
diglyceride acyltransferase 1 and 2 (DGAT1, DGAT2), enzymes
that catalyze the formation of TAG from diacylglyceride (DAG)
and acyl-CoA, were not altered by disease in the spinal cords of
SOD1G93A mice (Extended Data Fig. 2-5).
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CE and TAG accumulation could also potentially be because
of reduced lipid hydrolysis. The results of current experiments,
however, do not support this supposition. LIPA, an enzyme that
regulates the hydrolysis of CE and TAG, was significantly ele-
vated in the spinal cords of SOD1G93A mice (Fig. 2g). Moreover,
additional TAG metabolizing enzymes, including LIPE and LPL,
were also significantly increased during ALS disease course (Fig.
2h). Notably, LPL mRNA levels were upregulated .20-fold in
ES in SOD1G93A mice. ALS patient samples showed significantly
elevated LPL activity (Fig. 2i), which is consistent with our obser-
vation of increased TAG accumulation occurring in ALS patient
samples. Collectively, these findings indicate neutral lipid accu-
mulation in the spinal cords of ALS patients is not because of an
aberrant increase in synthesis or a reduction in hydrolysis.
Moreover, we speculate that disease-related reductions in SREBP2
and HMGCR and increases in LIPA may be a part of a compensa-
tory response to lower lipid levels to mitigate lipid cacostasis, which
is presumably a result of impaired intracellular or intercellular lipid
trafficking. Notably, we also show that disease-related changes in
cholesterol metabolism are detected in the feces, serum, and plasma
of SOD1G93A mice, thus supporting the tracking of cholesterol

metabolites as potential disease biomarkers (Extended Data Fig. 2-
6). Together, these results demonstrate that disease-associated CE
and TAG accumulation in the spinal cord is neither driven by
increased upstream SREBP2-mediated cholesterol biosynthesis nor
by decreased CE or TAG hydrolysis.

CE accumulation is associated with increased PCmetabolism
Next, we sought to determine which CE synthesis pathways were
upregulated during disease course. CE synthesis is dependent on
cPLA2, which hydrolyzes PC to generate the fatty acids that are
subsequently ligated to coenzyme A to synthesize acyl-CoA (Fig.
3a). Acyl-CoA cholesterol acyltransferase (SOAT1) then transfers
the acyl group from acyl-CoA to cholesterol to generate CE
(Akiba et al., 2003). In the spinal cords of SYMP and ES SOD1G93A

mice, mRNA levels for cPLA2 and SOAT1 were significantly upreg-
ulated twofold to fourfold (Fig. 3b). Furthermore, in the spinal cord
GM of ALS patients, we detected almost a fourfold increase in
cPLA2 enzymatic activity (Fig. 3c). Our work corroborates previous
studies that showed increased cPLA2 staining in the spinal cords of
SOD1G93A mice (Kiaei et al., 2005; Solomonov et al., 2016) and ALS

Figure 1. Neutral lipids accumulate in the spinal cords of ALS patients and SOD1G93A mice. Changes in SFA, MUFA, and PUFA species of (a, b) CEs and (c, d) triacylglycerides (TAG) in cervical
spinal cord homogenates of ALS patients, and in lumbar spinal cord tissue homogenates of SOD1G93A mice with a clinical score of ES or MB. e, Oil Red O staining in the lumbar spinal cord cen-
tral canal of SYMP, ES, and MB SOD1G93A mice and WT mice. f, Oil red O staining in the VWM of ES SOD1G93A and WT mice. Statistical comparisons for patient data are relative to age-matched
control (CTRL) tissue subtype and SOD1G93A mice are compared with WT controls. ****p= 0.0001, ***p= 0.001, **p= 0.01, *p= 0.05. Columns not connected by the same letter are signifi-
cantly (p= 0.001) different from each other. Error bars indicate SEM.
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patients (Shibata et al., 2010). Our findings suggest that cytosolic
CE synthesis is enhanced during disease through an upregulation of
cPLA2 and SOAT1.

Intracellular and intercellular CE mobilization is initiated
when it is hydrolyzed by LIPA to regenerate FC, which is then
transferred to lipoproteins through the activation of MTTP,
ATP-binding cassette transporters ABCA1 and ABCG1, and cav-
eolin-1,2 (CAV1, CAV2). The lipoprotein enzyme LCAT then
regenerates CE by directly transferring an acyl group from PC to
FC. In both SYMP and ES SOD1G93A mice, LCAT mRNA levels
were significantly upregulated almost twofold in the spinal cord
(Fig. 2d). Consistent with these observations, we also detected
concomitant significant elevations (2- to 12-fold) in MTTP,
ABCA1, ABCG1, CAV1, and CAV2 mRNA levels in SOD1G93A

mice (Fig. 3e). Moreover, we also observed almost a threefold
increase in ABCA1 protein levels in the spinal cords of ES
SOD1G93A mice (Fig. 3f; Extended Data Fig. 3-1). Collectively,
our results indicate that CE accumulation during ALS disease
course is associated with an increase in PC catabolism.

Lyso-PC is toxic to MNs
Although CE generation reduces cellular exposure to highly reac-
tive FC, CE synthesis through the cPLA2/SOAT1 and LCAT
pathways results in a concomitant increase in Lyso-PC (Fig. 3a),
a lipid with potent demyelinating properties (Ousman and
David, 2000). Therefore, we measured SFA, MUFA, and PUFA
Lyso-PC levels in ALS patient, SOD1G93A mouse and in control
spinal cord samples. In the spinal cord GM of sALS patients, a
significant elevation in the C16 and C18:1n9 species of Lyso-PC
was detected versus control samples (Fig. 3g). These results cor-
roborate a recent mass spectrometry imaging study that showed

Lyso-PC accumulation in the spinal cords of ALS patients
(Hanrieder and Ewing, 2014). We detected similar changes in
Lyso-PC levels in the spinal cords of ES and MB SOD1G93A mice,
specifically in the C16, C18, and C18:1n9 species (Fig. 3h). To deter-
mine whether Lyso-PC contributes to cellular demise in ALS, we
assessed humanMN viability after adding various concentrations
(0.0, 0.1, 1.0, 3.0, 10, 30, 100, and 300 mM) of Lyso-PC isoforms
(C16, C18, and C18:1) and fatty acid controls (palmitic acid, C16;
steric acid, C18; oleic acid, C18:1) to the culture media. Results
from cell titer glow (CTG) and LDH viability assays showed that
all three species of Lyso-PC were significantly toxic, with C16

being relatively more toxic than C18 and C18:1 (Fig. 3i,j). Cell
death as measured by CTG and LDH assays following the addi-
tion of the corresponding fatty acids to the culture media were
no different from vehicle control (Fig. 3i,j). Our findings suggest
that Lyso-PC, a byproduct of CE synthesis, accumulates in the
spinal cords of ALS patients and in SOD1G93A mice during dis-
ease, and that Lyso-PC is detrimental to MN survival.

Neutral lipid accumulation in the CNS is sufficient to trigger
an ALS phenotype
The results of our in vitro studies suggest that neutral lipid accu-
mulation leads to the generation of toxic Lyso-PC lipid species
that contribute to the demise of human MNs. Finally, we wished
to determine whether promoting spinal cord neutral lipid and
Lyso-PC accumulation in normal mice was associated with MN
death in vivo. To test this, we injected an AAV serotype 9 vector
encoding a constitutively active (nuclear) form of SREBP2 (AAV-
SREBP2) into the CNS of WT mice at P0. Control mice were
injected with an empty vector (AAV-null). Lumbar spinal cord

Figure 2. Lipid synthesis and hydrolysis are affected during ALS. a, Metabolic pathways summarizing cholesterol metabolism. b, SREBP2 mRNA and protein levels progressively decrease in
the spinal cords of SYMP and ES SOD1G93A mice. c, HMGRC protein levels are significantly reduced in the cervical spinal cord GM homogenates of ALS patients. d, e, Metabolic precursors of cho-
lesterol (lanosterol, desmosterol, and 24DHLan) and the mRNA levels of enzymes (DHCR24, DHCR7) controlling their synthesis are significantly altered in SOD1G93A mice. f, Lanosterol levels are
significantly reduced in the cervical spinal cord VWM homogenates of ALS patients. Enzymes that regulate CE and TAG hydrolysis are upregulated during disease. g, LIPA, (h) LIPE and LPL
mRNA levels are significantly increased in the spinal cords of SOD1G93A mice. i, LPL enzyme activity is significantly elevated in tissue homogenates of ALS patients. Statistical comparisons for
patient data are relative to age-matched control (CTRL) tissue subtype, and SOD1G93A mice are compared with WT controls. ****p= 0.0001. ***p= 0.001. **p= 0.01. *p= 0.05. Columns not
connected by the same letter are significantly (p= 0.001) different from each other. Error bars indicate SEM. Extended Data Figure 2-1 supports Figure 2. Extended Data Figure 2-1 shows
SREBP2 Western blot data for Figure 2b. Extended Data Figure 2-2 shows SREBP2 levels in cervical spinal cord homogenates of ALS patients. Extended Data Figure 2-3 shows FC levels in the
spinal cords of ALS patients. Extended Data Figure 2-4 shows, in SOD1G93A mice compared with controls, spinal cord levels of 24-dihydrolanosterol and desmosterol in ALS patients and controls.
Extended Data Figure 2-5 shows expression levels of DGAT1 and DGAT2 in the spinal cords of SOD1G93A mice compared with controls. Extended Data Figure 2-6 shows disease-related changes
in cholesterol analytes in the feces, serum, and plasma of SOD1G93A mice.
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levels of constitutively active SREBP2 were twofold higher in mice
injected with AAV-SREBP2 than mice treated with AAV-null (Fig.
4a; Extended Data Fig. 4-1). Strikingly, AAV-SREBP2-injected mice
developed progressive spasticity and hindlimb paralysis that resulted
in a significantly reduced lifespan (median survival=22d; Fig. 4a).
Mice injected with AAV-SREBP2 also displayed significant reduc-
tions in both lean and fat body mass compared with AAV-null
mice (Fig. 4a). Importantly, large-diameter (30-50mm) and total
MN cell counts (i.e., ChAT-positive cells) were also significantly
reduced in AAV-SREBP2 versus AAV-null injected mice (Fig. 4a,
b). Interestingly, increased GFAP staining, a marker of astroglio-
sis, was also found in the ventral spinal cord GM of AAV-
SREBP2 versus AAV-null-injected mice (Fig. 4b). As observed
in ALS patients and SOD1G93A mice, FC levels were unaltered

in AAV-SREBP2-injected mice (Extended Data Fig. 4-2); how-
ever, SFA (C14, C16, C18) and MUFA (C18:1n7, C18:1n9) species of
CE were significantly elevated up to eightfold (Fig. 4c).
Furthermore, similar to ALS patients and SOD1G93A mice, sev-
eral SFA, MUFA, and PUFA species of TAG and Lyso-PC were
also significantly increased in the spinal cords of AAV-
SREBP2-injected mice (Fig. 4d,e). The results of this experi-
ment indicate that inducing neutral lipid accumulation in the
CNS is associated with neurodegeneration in vivo.

Discussion
More than 25 genes affecting a variety of cellular processes are
associated with ALS (Peters et al., 2015). Why these various

Figure 3. Cytosolic and lipoprotein PC metabolism contributes to CE synthesis and the accumulation of Lyso-PC, an inducer of MN death. a, Metabolic pathways illustrating CE and Lyso-PC
generation through the activation of cPLA2, cholesterol acyltransferase (SOAT1), and the lipoprotein enzyme LCAT. FA, Fatty acid. b, cPLA2 and SOAT1 mRNA levels are significantly elevated in
the spinal cords of SYMP and ES SOD1G93A mice. c, cPLA2 enzyme activity is significantly elevated in spinal cord GM tissue homogenates of ALS patients. d, LCAT mRNA levels are significantly
elevated in the spinal cords of SYMP and ES SOD1G93A mice. e, The expression of ATP-binding cassette transporters (ABCA1, ABCG1), MTTP, and caveolin-1,2 (CAV1, CAV2) progressively increase
in the lumbar spinal cords of SYMP and ES SOD1G93A mice. f, ABCA1 protein levels are significantly higher in the lumbar spinal cord of ES SOD1G93A mice. g, h, Changes in SFA, MUFA, and
PUFA species of Lyso-PC in cervical spinal cord homogenates (GM, VWM) of ALS patients, and in lumbar spinal cord tissue homogenates of ES and MB SOD1G93A mice. i, j, Lyso-PC significantly
diminishes the viability of iPSC-derived human MNs in culture as assessed by the CTG and LDH assays. Lyso-PC C16 significantly (****p= 0.0001) different from vehicle at 33.33, 100, and 300
mM for CTG and LDH assays. Lyso-PC C18 significantly (****p= 0.0001) different from vehicle at 3.7, 11.11, 33.33, 100, and 300mM for CTG, and 33.33, 100 and 300mM. Lyso-PC C18:1 signifi-
cantly different from vehicle at 300 mM for CTG and LDH assays. Statistical comparisons for patient data are relative to age-matched control (CTRL) tissue subtype and SOD1G93A mice are com-
pared with WT controls. ****p= 0.0001. ***p= 0.001. *p= 0.05. Columns not connected by the same letter are significantly (p= 0.001) different from each other. Error bars indicate SEM.
Extended Data Figure 3-1 supports Figure 3 and shows Western blot data for Figure 3f.
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genetic mutations are exceedingly toxic to MNs remains
unknown. For a number of human disorders, complex genetic
and environmental interactions shape an individual’s susceptibil-
ity to disease, age of disease onset, and rate of disease progression
(Feinberg, 2007). Similar to neuropathic lysosomal storage

diseases, we postulate that cellular variations in lipid composition
and metabolism contribute to a tissue’s relative vulnerability to
disease (Dodge, 2017). For the spinal cord, its relatively high con-
centration in cholesterol may make it particularly susceptible to
pathologic insults that result in disrupted lipid homeostasis

Figure 4. Increasing SREBP2 levels in the spinal cords of WT mice lead to neutral lipid accumulation and an ALS-like phenotype. a, Cleaved SREBP2 protein levels in lumbar spinal cord tissue
homogenates, mouse survival, body mass, and lumbar spinal cord MNs counts per section for large (30-50mm diameter) and all MNs in mice injected with AAV-SREBP2 compared with litter-
mates injected with AAV-null. b, 20� confocal images of ChAT and GFAP staining in the lumbar spinal cord of mice injected with AAV-SREBP2 compared with littermates injected with AAV-
null. Scale bar, 100mm. Lumbar spinal cord tissue homogenates levels of (c) CEs, (d) triacylglycerides (TAG), and (e) Lyso-PC in WT mice following CNS injection of AAV-SREBP2 compared with
littermates injected with AAV-null. ****p= 0.0001. ***p= 0.001. **p= 0.01. *p= 0.05. Error bars indicate SEM. Extended Data Figure 4-1 supports Figure 4. Extended Data Figure 4-1 shows
Western blot data for Figure 4a. Extended Data Figure 4-2 shows FC levels in spinal cord tissue homogenates of AAV-SREBP2-injected mice compared with controls.
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(i.e., lipid cacostasis). Notably, several genes implicated in ALS
(e.g., ANG, C9ORF72, HNRNPA1, SIGMAR1, SOD1, TARDBP,
VAPB, VCP, ATXN2, and LXR) are modulators of lipid homeo-
stasis (Moore and Riordan, 1990; Lastres-Becker et al., 2008;
Chiang et al., 2010; Su et al., 2010; Morris et al., 2014; Yu et al.,
2014; Li et al., 2015; Sanhueza et al., 2015; Tokutake et al., 2015;
Mouzat et al., 2018; Liu and Wang, 2019). Here, we demonstrate
that lipid cacostasis is a prominent feature of ALS and that its
induction inWTmice is sufficient to trigger an ALS phenotype.

Sustained FC loading in mammalian cells leads to ER stress,
ROS generation, mitochondrial dysfunction, a proinflammatory
state, and activation of various cell death pathways (Rolo et al.,
2004; Steck and Lange, 2010; Mutemberezi et al., 2016), all of
which have been repeatedly implicated in the degeneration of
MNs in ALS. Cellular toxicity is averted when excess FC is neu-
tralized by its conjugation to fatty acids to form CEs (Steck and
Lange, 2010). Indeed, our examination of ALS patient spinal
cord samples showed that several SFA, MUFA, and PUFA spe-
cies of CE were dramatically elevated, especially in the spinal
cord GM. Similarly, we also detected significant progressive ele-
vations in CE species in the spinal cords of SOD1G93A mice.
What drives CE accumulation in ALS remains unclear. Chole-
sterol forms complexes with a variety of lipids in disparate
proportions and varying affinities. The strongest of these interac-
tions are with long SFA species of glycosphingolipids, sphingo-
myelin, PC, and phosphatidylserine. Sterol complex formation
with lipids with small polar head groups (e.g., phosphatidyletha-
nolamine) or with MUFA and PUFA fatty acyl tails is less
favored (Steck and Lange, 2010) . Recently, we reported that gly-
cosphingolipid accumulation is observed in the spinal cords of
SOD1G93A mice and ALS patients (Dodge et al., 2015), which in
light of our current findings may be part of a compensatory
response to sequester cholesterol. Notably, inhibition of gly-
cosphingolipid synthesis exacerbates disease progression in
SOD1G93A mice (Dodge et al., 2015; Henriques et al., 2015).
Previously, CE accumulation was suggested to be a consequence
of sphingomyelin accumulation that also occurs during disease
(Cutler et al., 2002). However, this seems unlikely because sphin-
gomyelin depletion leads to enhanced CE synthesis (Stein et al.,
1992). Moreover, a deficiency in sphingomyelin hydrolysis in the
CNS is associated with FC rather than CE accumulation
(Leventhal et al., 2001). Our current observations of increased
cPLA2, SOAT1, and LCAT expression in SOD1 mice, elevated
cPLA2 enzymatic activity in the spinal cords of ALS patients,
and accumulation of Lyso-PC in the spinal cords of SOD1G93A

mice and ALS patients suggest that CE deposition is driven in
part through the transfer of acyl groups from PC to FC.
Importantly, we also show that Lyso-PC, the byproduct of CE
generation, is toxic to human MNs in vitro, thus suggesting that
protracted esterification of cholesterol is detrimental to the neu-
romuscular system.

Cholesterol synthesis and metabolism is modulated by
SREBP2 and LXRs. SREBP2 stimulates the transcription of genes
to augment cellular cholesterol levels, whereas the activation of
LXRs by oxysterols initiates the opposite effect (Quan et al.,
2003; Steck and Lange, 2010; Mutemberezi et al., 2016). SREBP2
resides in the ER and is activated by sterol-poor conditions to
undergo transport to the Golgi complex, where it undergoes pro-
teolytic processing. The processed fragment enters the nucleus to
activate the transcription of cholesterol biosynthetic genes,
including HMGCR, the rate-limiting enzyme in cholesterol syn-
thesis. The binding of cholesterol to SCAP, a Golgi escort pro-
tein, or the binding of oxysterols to INSIG, an ER anchor protein

precludes the proteolytic processing of SREBP2 (Brown and
Goldstein, 1997). We found a striking reduction (;75%) in the
transcriptionally active form of SREBP2 in the spinal cords of
SOD1G93A mice. Disease-related changes in SREBP2 were not
found in ALS patients; however, we did find that HMGCR pro-
tein levels were significantly reduced in the spinal cord GM
of ALS patients. Consistent with these observations, we also
observed that lanosterol, a metabolic precursor to cholesterol,
was reduced in ALS patient and SOD1G93A mouse spinal cord
samples. Interestingly, lanosterol and other cholesterol metabolic
precursors (24DHLan and desmosterol) were significantly ele-
vated in the feces of SOD1G93A mice. Disease-related changes in
SREBP2, HMGCR, and cholesterol precursors are likely part of a
compensatory response to further mitigate CE accumulation in
the CNS. Collectively, these findings indicate that elevations in
CE in ALS are not because of an aberrant increase in de novo
cholesterol synthesis in the spinal cord, at least in the sporadic
ALS patient tissue samples that we analyzed. However, this
should be examined more closely in model systems of familial
ALS (fALS) with disease-causing mutations in VCP and
HNRNPA1, which regulate HMGCR degradation (Morris et al.,
2014) alternative splicing, respectively (Yu et al., 2014). Our find-
ings also have important implications for developing potential
lipid-modulating therapies for ALS. For example, CNS penetrant
statins are unlikely to provide added benefit to patients that al-
ready feature a downregulation of HMGCR in the spinal cord
GM, as we observed in our current study. Indeed, sustained sta-
tin use will likely lead to unwarranted HMGCR inhibition in
white matter, which is detrimental to myelination (Klopfleisch et
al., 2008). Indeed, statin use in SOD1G93A mice (Su et al., 2016)
and in some ALS patients is associated with accelerated disease
progression (Nefussy et al., 2011). The precipitating event that
leads to an upregulation in CE generation remains unknown.
Disrupted regulation of CE synthesis or FC trafficking may play
a role. For example, ANG, another gene implicated in fALS,
modulates CE synthesis (Moore and Riordan, 1990); whereas the
fALS genes VAPB and SIGMAR1 play important roles in modu-
lating intra-organelle lipid transport from the ER (Amarilio et
al., 2005; Su et al., 2010). Furthermore, the cellular transport of
SOD1 is dependent on its binding to various lipoproteins
(Mondola et al., 2000), thus raising the possibility SOD1 may
impact intercellular cholesterol trafficking between various CNS
cell types.

Cholesterol accumulation inevitably leads to the accumula-
tion of TAG, another neutral lipid. Indeed, we found that species
of TAG were also increased in ALS patient SOD1G93A mouse spi-
nal cord samples. Oil red O staining, a marker of neutral lipids
(i.e., CE and TAG) accumulation progressively increased the ep-
endymal cell layer of the spinal cord central canal of SOD1G93A

mice. Intriguingly, similar Oil Red O pathology was reported in
the spinal cord central canal of pigs and cattle with MN degener-
ation (O’Toole et al., 1994, 1995). Moreover, increased Oil Red O
staining is also associated with MN death in wobbler (Andrews,
1975), LXR�/� (Andersson et al., 2005), and A53T a-synuclein-
expressing mice (Giasson et al., 2002). It is unclear whether lipid
accumulation contributes to neurodegeneration in these models
or whether it is just a consequence. The results of our current
experiments support the former explanation. Critically, we
showed that increasing the expression of the transcriptionally
active form of SREBP2, a key driver of cholesterol synthesis, in
WTmice led to ALS-like lipid cacostasis in the spinal cord, astro-
gliosis, MN death, paralysis, and a reduced lifespan. Although we
show that SREBP2 is not aberrantly activated during ALS disease
course, the pathologic changes in spinal cord lipid composition
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(i.e., the accumulation of CE, TAG, and lyso-PC) that ensues af-
ter SREBP2 activation does mirror what occurs in SOD1G93A

mice and ALS patients. Moreover, our results also suggest that
the rate or degree of lipid cacostasis (manifested as CE accumula-
tion) may affect the rate of disease progression. For example, an
eightfold increase in CE levels in AAV-SREBP2-treated mice is
associated with a median lifespan of 22 d, whereas a fourfold
increase in CE is typically associated with a median lifespan of
122 d in SOD1G93A mice in our laboratory. Furthermore, our
detection of several disease-related changes in cholesterol analogs
in the plasma and feces of SOD1G93A mice may serve as potential
biomarkers of ALS disease progression. Collectively, our results
implicate neutral lipid cacostasis as a potential significant driver
of MN demise; thus, we believe that restoring lipid homeostasis
back to an optimal physiological state (i.e., eustasis) in the CNS
is an attractive therapeutic strategy for the treatment of ALS.
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