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Hereditary spastic paraplegias (HSP) are a group of neurodegenerative diseases sharing
spasticity in lower limbs as common symptom. There is a large clinical variability
in the presentation of patients, partly underlined by the large genetic heterogeneity,
with more than 60 genes responsible for HSP. Despite this large heterogeneity, the
proteins with known function are supposed to be involved in a limited number of
cellular compartments such as shaping of the endoplasmic reticulum or endolysosomal
function. Yet, it is difficult to understand why alteration of such different cellular
compartments can lead to degeneration of the axons of cortical motor neurons.
A common feature that has emerged over the last decade is the alteration of lipid
metabolism in this group of pathologies. This was first revealed by the identification
of mutations in genes encoding proteins that have or are supposed to have enzymatic
activities on lipid substrates. However, it also appears that mutations in genes affecting
endoplasmic reticulum, mitochondria, or endolysosome function can lead to changes
in lipid distribution or metabolism. The aim of this review is to discuss the role of lipid
metabolism alterations in the physiopathology of HSP, to evaluate how such alterations
contribute to neurodegenerative phenotypes, and to understand how this knowledge
can help develop therapeutic strategy for HSP.
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INTRODUCTION

Hereditary spastic paraplegias (HSP) are a group of rare neurodegenerative diseases characterized
by weakness of lower limbs and spasticity (Harding, 1983). These symptoms are due to the
degeneration of the long axons of the neurons from the motor cortex. Since the longest axons
seemed to be more sensitive to neurodegeneration, it was proposed that altered intracellular
trafficking could underlie the physiopathology of HSP (Soderblom and Blackstone, 2006). HSP
are clinically heterogeneous, and complex forms of HSP are associated with various other
neurological symptoms such as cognitive impairment or ataxia, due to degeneration of other
neuronal populations. This clinical heterogeneity is partly underlined by the genetic heterogeneity
of this group of diseases. Indeed, in the last decade, the emergence of new genetic tools allowed
the identification of many genes responsible for HSP (Boutry et al., 2019a). Among the recently
identified genes, many encode enzymes that are directly implicated in the metabolism of lipids.
Since brain is mainly composed of lipids, identification of such lipid-related pathways opens
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new perspectives to evaluate the physiopathology of HSP.
Importantly, beside the identification of genes encoding lipid-
modifying enzymes, mutations in genes responsible for HSP
and coding proteins involved in membrane trafficking can also
alter lipid homeostasis in some subcellular compartments. The
formation of myelin, the most prominent lipidic structure in the
brain, also appears to play a critical role in the maintenance of
axon in several forms of HSP. Therefore, it becomes evident that
lipids are of critical importance for the physiopathology of almost
all HSP. In this review, we propose in a first part an overview
of the various metabolic pathways that are altered by mutations
in genes responsible for HSP and HSP-related disorders such as
leukodystrophies presenting with spasticity. In a second part, we
examine the consequences of altered lipid metabolism on cellular
functions to highlight various physiopathological pathways that
could be altered in the different forms of HSP.

ALTERATIONS OF LIPID METABOLISM
DUE TO HSP-CAUSING MUTATIONS

The emergence of next-generation sequencing in the last decade
allowed the identification of many genes responsible for HSP.
Among all the newly identified genes, a quarter of them are
encoding enzymes that are directly involved in the metabolism
of lipids (Table 1). It appears that all the main classes of lipids
could be implicated in the physiopathology of HSP.

Cholesterol

Cholesterol is a lipid highly enriched in the brain, as this
organ contains about 20% of total body cholesterol (Dietschy
and Turley, 2004). Most of the brain cholesterol enters in
the composition of myelin, but cholesterol is also found
in the membranes of glial and neuronal cells where it is
actively trafficked.

Cholesterol Hydroxylation

The identification of mutations in cytochrome P450-7B1
(CYP7BI) in SPG5 patients (Tsaousidou et al.,, 2008) was the
first indication that lipid metabolism could play a role in the
physiopathology of HSP. SPG5 patients often present with pure
HSP, but some of them may present with complicated forms
of HSP and mild white matter abnormalities (Goizet et al.,
2009; Marelli et al., 2018). CYP7BI encodes a cytochrome P450
7a-hydroxylase responsible for the degradation of oxysterols.
Consequently, loss of CYP7B1 leads to the accumulation of
oxysterols such as 25-hydroxycholesterol, 26-hydroxycholesterol,
27-hydroxysterol, and 3f-hydroxy-5-cholestenoic acid (3p-CA)
in serum and cerebrospinal fluid of SPG5 patients (Schiile et al.,
2010; Theofilopoulos et al., 2014; Marelli et al., 2018). 38-CA
was demonstrated to exert toxic effects on rodent oculomotor
neurons in vitro and zebrafish motor neurons in vivo via
activation of liver X receptors (LXRs) (Theofilopoulos et al,
2014). In addition, an in vitro study using NSC-34 cell line
and neurons derived from human induced pluripotent stem
(iPS) cells showed that oxysterols and 3B-CA had a cytotoxic
activity. In that study, 25-OHC and 27-OHC were harmful at

concentrations comparable to levels measured in serum of SPG5
patients (Schols et al., 2017). However, in both studies, the
toxicity observed required levels of oxysterols that were much
higher than the levels detected in the cerebrospinal fluid of SPG5
patients. The cytotoxic action of oxysterols are mainly due to
their incorporation into the natural lipid bilayer, where they can
change the interaction between molecules (Mitomo et al., 2009)
and thus alter membrane properties. In both studies investigating
the toxic accumulation of CYP7B1 substrates, oxysterols added to
the medium likely partitioned between medium and membranes,
and their real concentration in membranes were not analyzed.
Furthermore, the concentration of oxysterols that need to be
reached in the membranes to induce a deleterious effect are
not known, and further investigations are required to evaluate
the mechanisms underlying neurodegeneration in SPG5 patients.
Based on the hypothesis that oxysterols are neurotoxic, two
concomitant therapeutic trials were conducted in SPG5 patients
with decreased plasma oxysterols as the primary outcome
measure (Schols et al., 2017; Marelli et al., 2018). In both short-
term phase II trials, atorvastatin significantly decreased plasma
27-OHC (Schols et al., 2017; Marelli et al., 2018). Furthermore,
treatment with chenodeoxycholic acid (CDCA) restored bile
acids profile in SPG5 patients (Marelli et al., 2018). However,
the clinical benefit of such metabolic intervention remains to
be established and surrogate markers are needed due to the
very slowly progressive course and the rarity of this disease.
Another clinical trial levels using monoclonal antibodies that
inhibit proprotein convertase subtilisin-kexin type 9 (PCSK9) to
reduce cholesterol levels has recently been initiated (Chen, 2019).
It will monitor levels of 27-OHC as a primary outcome.

Another HSP related to defective cholesterol hydroxylation
is cerebrotendinous xanthomatosis (CTX) due to CYP27AI
mutations, which encodes the mitochondrial cytochrome P450
enzyme sterol 27-hydroxylase. Deficiency in this enzyme
interferes with sterol intermediates in the alternative bile acid
pathway. More specifically, CTX is associated with reduced
synthesis of 27-OHC and CDCA, as well as the shunting of
sterol intermediates into the microsomal pathway for cholic acid
formation (Salen et al., 1991). CTX is also characterized by high
production of cholestanol, which accumulates in various tissues,
as well as increased levels of bile alcohols in urine (Berginer
et al., 1984). Evidence that cholestanol may be neurotoxic is
supported by the finding of cholestanol deposition and apoptosis
in neuronal cells in the cerebellum of rats fed a 1% cholestanol
diet (Inoue et al., 1999). As the influx of 27-OHC may be involved
in brain cholesterol homeostasis, the lack of 27-OHC may also
impact cholesterol synthesis in the brain (Mignarri et al., 2016).
About 60% of CTX patients (Wong et al., 2018) present with a
complex form of HSP that includes systemic (infantile cholestasis,
juvenile-onset cataracts, Achilles tendon xanthomas, chronic
diarrhea, and osteoporosis) and/or neuropsychiatric symptoms
(learning disability and/or autism spectrum disorder, cerebellar
ataxia, peripheral neuropathy, parkinsonism, dementia, and
psychiatric disturbances) (Nie et al., 2014). Importantly, there
is a critical therapeutic window in most CTX patients before
the onset of disabling neuropsychiatric symptoms (Yahalom
et al., 2013). CDCA remains the treatment of choice in CTX
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TABLE 1 | Genes responsible for HSP encoding enzymes of the metabolism of lipids.

Gene Protein name Function

Cholesterol

CYP7B1 (SPGb) Cytochrome P450-7B1 Degradation of oxysterols

CYP27A1 (CTX) Cytochrome p450-7A1 Degradation of oxysterols

Phospholipids

EPT1/Selenol Ethanolaminephospho-transferase 1 Phosphatidylethanolamine synthesis, plasmalogens synthesis
SERACT SERACT Phosphatidylglycerol remodeling

PNPLAG/NTE (SPG39)

PLA2G6

DDHD1 (SPG28)
DDHD2 (SPG54)
CYP2U1 (SPGA49/56)

Glycosphingolipids
B4GALNT1 (SPG26)
GBA2 (SPG46)
FA2H (SPG35)

SLC33A1 (SPG42)
GALC (Krabbe)
ARSA (MLD)
Fatty acids
ABCD1 (X-ALD)
ELOVL1

ELOVL4
ALDH3A2 (SLS)

Patatin-like phospholipase domain containing 6/Neuropathy
target esterase

Group VI phospholipase A2, iPLA2b

DDHD1
DDHD2
CYP2U1

B-1,4-N-acetyl-galactosaminyltransferase
B-Glucosidase 2
Fatty acid-2 hydroxylase

Acetyl-coA transporter 1
Galactosylcerebrosidase
Arylsulfatase A

Adrenoleukodystrophy protein (ADLP)

Fatty acid Elongase 1

Fatty acid Elongase 4

Aldehyde Dehydrogenase 3 Family Member A2

Phospholipase A2

Phospholipase A2, release of docosahexaenoic acid from
phospholipids

Phospholipase A1, hydrolysis of PI, PA, PS
Phospholipase A1, hydrolysis of PA; TAG lipase

Cytochrome P450, hydroxylation of fatty acids, oxidation of
N-arachidonoylserotonin

Synthesis of complex gangliosides
Non-lysosomal glucosylceramidase

Formation of 2-hydroxy fatty acids incorporated into
galactosylceramide

O-acetylation of complex gangliosides GD3 and GT37?
Degradation of galactosylceramide
Degradation of sulfatides

VLCFA import into peroxisomes
Elongation of fatty acids
Elongation of fatty acids
Aldehyde Dehydrogenase

PI: phosphatidylinositol, PA: phosphatidic acid; PS: phosphatidylserine; TAG: triacylglycerols.

as it down-regulates CYP27A1, restores the imbalance between
CDCA and cholic acid, and is the only drug that has shown
beneficial effects on neurological symptoms so far (Nie et al.,
2014; Salen and Steiner, 2017). Several studies have emphasized
that the response to treatment strongly depends on when CDCA
is initiated (Amador et al, 2018; Duell et al., 2018; Stelten
et al,, 2019). In a cohort of 56 Dutch CTX patients treated by
CDCA with a median follow-up time of 8 years, neurological
symptoms, assessed by the modified Rankin Scale and Expanded
Disability Status Scale (EDSS) scores, disappeared in all patients
who were diagnosed before the age of 24 and treated since (Stelten
et al., 2019). Furthermore, treatment prevented the development
of new neurological symptoms during the follow-up period
(Stelten et al., 2019).

Alteration of Cholesterol Synthesis or Trafficking in
HSP

Oxysterols are present at very low levels compared to cholesterol
(Wnetrzak et al., 2017), and alterations of cholesterol synthesis
or trafficking are induced by the loss of function of several genes
responsible for HSP.

For example, loss of function of Erlinl and Erlin2, mutated in
SPG62 and SPG18, respectively, are responsible for early onset
autosomal recessive HSP associated with cognitive impairment
(Alazami et al., 2011; Novarino et al., 2014). Autosomal dominant

mutations in Erlin2, associated with SPG37, are also implicated in
less severe forms of motor neuron diseases (Rydning et al., 2018;
Stevanin et al., 2019). Erlinl and Erlin2 form a heteromultimeric
complex of ~2 MDa (Pearce et al., 2009). This complex is
localized in the lumen of the ER and is anchored to cholesterol-
rich lipid domains by the N-terminus of the proteins (Browman,
2006). Downregulation of Erlinl and 2 was shown to activate the
sterol regulatory element binding protein (SREBP) transcription
factors, leading to upregulation of their target genes. This
increased cholesterol content in cells and cells containing
cytoplasmic lipid inclusions stained with Oil Red O (Huber
et al., 2013). However, the relevance of this function for the
physiopathology of HSP has not been evaluated yet.

Loss of spatacsin, due to mutations in SPG11, is responsible
for a complicated form of HSP where spasticity is often
associated with cognitive impairment and lower motor neuron
degeneration. White matter anomalies may be detected
on brain MRI (Hehr et al, 2007; Stevanin et al., 2007,
2008). Spatacsin is implicated in the autophagic lysosome
reformation, a mechanism allowing the formation of tubules
in autolysosomes at the end of the autophagy process in order
to recycle lysosome membrane (Chang et al., 2014). Recently,
it was shown that the formation of tubules on lysosomes
mediated by spatacsin allows the recycling of cholesterol
from lysosomes. Loss of spatacsin led to an accumulation of
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cholesterol in lysosomes and decreased cholesterol content
in plasma membrane (Boutry et al, 2019b), which could
affect membrane properties and function. This highlights
that impaired cholesterol trafficking and not only cholesterol
overload in lysosomes could contribute to the pathology.
However, the contribution of this mechanism to neuronal death
is still not known.

Alteration of Phospholipid Synthesis and
Degradation in Some HSP Entities

Phospholipids are the main components of cellular membranes.
They are composed of a glycerol backbone to which two
fatty acids are attached as esters. The third alcohol group
of the glycerol is attached to a phosphoric acid that can
associate various hydrophilic moieties, determining the nature
of the phospholipid (phosphatidyl-choline, phosphatidyl
inositol, etc.) (Figure 1). Several enzymes implicated in the
metabolism of phospholipids have been associated with HSP or
related disorders.

Altered Synthesis of Phospholipids

Mutations in EPTI/SELENOI have been found in patients
presenting an early onset complicated HSP with white matter
abnormalities detected on brain MRI (Ahmed et al., 2017;
Horibata et al., 2018). EPT1 is an ethanolamine transferase
implicated in the synthesis of phosphatidylethanolamine (PE),
the second most abundant phospholipid in membranes. Analysis
of a patients fibroblasts as well as EPT1 knockout Hela cells
showed decreased PE biosynthesis, as well as an imbalance in
plasmalogens (increased plasmanyl-phosphatidylcholine and
decreased  plasmenyl-phosphatidylethanolamine)  (Horibata
et al, 2018). Of note, plasmenyl-phosphatidylethanolamine
represents more than 50% of ethanolamine glycerophospholipids
in the brain (Braverman and Moser, 2012), which highlights
why the loss of EPT1 activity may lead to such severe
brain dysfunction.

Mutations in SERACI were known to cause the autosomal
recessive MEGDEL syndrome, characterized by infantile onset
symptoms including feeding problem, liver failure, deafness,
dystonia, encephalopathy, spasticity, and Leigh-like syndrome
(Wortmann et al., 2012). Recently, mutations in SERACI were
found in a family presenting juvenile onset complicated HSP
(Roeben et al.,, 2018). SERACLI is a phospholipid remodeling
enzyme that converts phosphatidylglycerol 34:1 (PG34:1) into
phosphatidylglycerol 36:1 (PG36:1). Families presenting with an
HSP phenotype had a milder change in the PG34:1/PG36:1 ratio
compared to patients with MEGDEL syndrome (Roeben et al.,
2018), suggesting phenotype-genotype correlation.

Mutations in PGAPI have been identified in one family
of complex HSP (SPG67) (Novarino et al., 2014), but also in
cases of intellectual disability and encephalopathy (Murakami
et al., 2014). PGAPI encodes an ER protein that promotes the
deacylation of inositol in the glycosylphosphatidylinositol (GPI)-
anchored proteins (Tanaka et al., 2004). During their synthesis,
GPI-anchored proteins are localized in the lumen of the ER. The
remodeling of GPI anchor by PGAP1 is required for the sorting

of GPI-anchored proteins to ER exit sites, allowing their export
out of the ER (Fujita et al., 2011).

Degradation of Glycerophospholipids

Several enzymes with phospholipase activity have been associated
with HSP. Mutations in the genes encoding two calcium-
independent phospholipases, NTE/PNPLA6 and PLA2GS6,
are responsible for a variety of neurodegenerative disorders.
Mutations in neuropathy target esterase (NTE/PNPLAG) are
responsible for autosomal recessive HSP (SPG39) (Rainier
et al., 2008), but also other neurological syndromes combining
ataxia, spasticity, retinal degeneration, and/or hypogonadism
(Synofzik et al., 2014). PLA2G6 associated neurodegeneration
is a group of heterogeneous neurodegenerative disorders,
including infantile neuroaxonal dystrophy, neurodegeneration
with brain iron accumulation, parkinsonism, and HSP. Both
enzymes hydrolyze the sn-2 acyl chain of phospholipids.
NTE/PNPLA6 seems to have a privileged affinity for
phosphatidylcholine, as its levels were increased in the brain
of nestin-cre:NTEfl/fl mice (Read et al, 2009). The product
of PLA2G6 mediates the release of docosahexaenoic acid
from brain phospholipids (Green et al, 2008), suggesting
that different actions of phospholipases can contribute to the
physiopathology of HSP.

Another group of phospholipases associated with the
physiopathology of HSP are DDHD containing enzymes DDHD1
and DDHD?2 (Schuurs-Hoeijmakers et al., 2012; Tesson et al.,
2012). Mutations in DDHDI are responsible for pure or
complex HSP (SPG28), sometimes associated with brain iron
accumulation (Dard et al, 2017). DDHD2 is mutated in
SGP54, which is usually characterized by very early onset
spastic paraplegia, intellectual disability, and white matter
abnormalities (Schuurs-Hoeijmakers et al., 2012), but adult
onset forms have been reported for both DDHD1 and DDHD2
(Doi et al, 2015; Dard et al., 2017). As a unique finding
in DDHD?2, proton magnetic resonance spectroscopy revealed
an abnormal lipid peak in the basal ganglia and thalamus
area (Schuurs-Hoeijmakers et al,, 2012). In vitro experiments
proposed that DDHDI1 and DDHD2 have a phosphatidic
acid-preferring phospholipase Al action, hydrolyzing the sn-
1 acyl chain (Higgs et al, 1998; Inoue et al, 2012). These
results were challenged by lipidomic analysis of knockout
mouse models for these two genes. Knockout of Ddhd2 led
to accumulation of triacylglycerol, and recombinant DDHD2
was revealed to have a triacylglycerol-lipase activity (Inloes
et al, 2014). Recently, lipidomic analysis of the brain of
Ddhdl knockout mice showed that phosphatidylinositol and
phosphatidylserine are the main physiological substrates of
DDHDI (Inloes et al., 2018). It is conceivable that DDHD1 and
DDHD2 have different substrates depending on the cell type that
is investigated.

Metabolism of Phospholipid and Cellular Signaling

The metabolism of phospholipids can contribute to signaling
pathways by modifying various lipid species. One of the most
studied lipid signaling pathway relies on the phosphorylation
state of phosphoinositides (Wang et al., 2019). Interestingly, loss
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conversion requiring more than one enzymatic reaction.

of Ddhd1 in mice led to striking remodeling of phosphoinositides
in the brain (Inloes et al, 2018). Furthermore, spastizin
(ZFYVE26) mutated in SPG15 (Hanein et al., 2008) has a FYVE
domain that mediates interaction with phosphatidylinositol-3-
phosphate (PI3P). The ability of the spastizin FYVE domain
to bind PI3P is required for addressing protein to lysosomes
(Chang et al, 2014), even if the content of PI3P in this
subcellular compartment is poorly characterized. Deletion
of the FYVE domain or point mutation abolishing the
interaction with PI3P impaired the localization of spastizin to
lysosomes (Chang et al., 2014). Loss of phosphatidylinositol 4-
kinase 2alpha activity in mouse caused neurological symptoms
resembling HSP (Simons et al., 2009). In this mouse model,
the authors revealed neurodegeneration that was associated
to accumulation of lipofuscin-like material, similar to the
observation made in Spgl5 knockout mice (Khundadze et al.,
2013). Although mutations in phosphatidylinositol 4-kinase
2 alpha have not been identified in HSP patients so far,
this illustrates the role of signaling phosphoinositides in the
physiopathology of HSP.

It is important to note that the phospholipases Al or
A2 may release lysosphospholipids such as lysophosphatidic
acid or lysophosphatidyl-inositol and some of them play an
important a role in cellular signaling (Yung et al, 2015).
The phospholipases A2 hydrolyze phospholipids in the sn-
2 position, releasing a fatty acid that is often unsaturated.
Such fatty acid can be hydroxylated by the cytochrome P450
CYP2UI that is mutated in the early onset form of complex
HSP SPG49 (HUGO) or SPG56 (OMIM) (Chuang et al., 2004;

Tesson et al, 2012). Oxidation of unsaturated fatty acids
can produce a variety of signaling molecules, but their
identities and roles are still to be uncovered. The role
of such signaling molecules in the physiopathology of
HSP has not been investigated so far, and it may open
new avenues to identify targets of therapeutic interest
for these diseases.

Alteration of Sphingolipid Metabolism

in HSP

Sphingolipids are a group of lipids derived from the sphingosine
backbone. They are synthesized in the ER and the Golgi
apparatus, and are degraded by lysosomes (Figure 2). Alteration
of both biosynthetic and degradative pathways of sphingolipids
have been associated with HSP phenotype.

Sphingolipid Biosynthesis

Loss-of-function mutations in fatty acid-2-hydroxylase (FA2H)
are responsible for the complex form of autosomal recessive
HSP (SPG35) (Edvardson et al., 2008) and allelic neurological
disorders. A recent study showed that patients with nonsense or
missense mutations presented a rather homogeneous phenotype,
with a spastic tetraparesis frequently associated with cognitive
deficits. Symptoms onset is in early childhood and all patients
presented white matter abnormalities on brain MRI (Rattay et al.,
2019). FA2H is the enzyme responsible for the formation of 2-
hydroxy-fatty acids (Alderson et al., 2004) that are frequently
incorporated as N-acyl chain in galactosylceramide (Bowen and
Radin, 1968). In mouse models, the loss of function of Fa2h
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gangliosides could be recycled from the lysosomes using a salvage pathway. Whether spatacsin could be implicated in such pathway is still unclear.

was associated with the absence of sphingolipids containing
2-hydroxylated fatty acids and increased non-hydroxylated
galactosylceramide (Zoller et al., 2008).

Gangliosides are synthesized in the ER. These
glycosphingolipids are highly enriched at the plasma membranes
of neurons and glial cells, notably complex gangliosides such as
GM1 and GD1. These molecules serve as coreceptors for many
factors. B4GALNT]I is mutated in SPG26 that is characterized by
complex HSP frequently associated with intellectual disability
(Boukhris et al, 2013). B4GALNTI encodes p-1,4-N-acetyl-
galactosaminyl transferase 1 or GM2/GD2 synthase that converts
GM3 into GM2 and GD3 into GD2. Accordingly, analysis in
fibroblasts of SPG26 patients showed a lack of GM2 associated

with increased levels of its precursor GM3 (Harlalka et al., 2013).
Knockout of the GM2 synthase in mouse leads to a progressive
demyelination and axonal loss that lead to motor dysfunction
(Sheikh et al., 1999; Chiavegatto et al., 2000), similar to the
symptoms observed in patients.

Other forms of HSP are putatively linked to sphingolipid
metabolism, although the roles of the mutated gene products
are still elusive. Deficiency in carnitine palmitoyltransferase
1C (CPT1C) accounts for SPG73 and has been associated
with sphingolipid metabolism (Rinaldi et al, 2015). This
enzyme belongs to a family mediating the trans-esterification
of palmitoyl-coA and carnitine, to allow the formation of a
molecule that can be transported through membranes, in contrast
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to palmitoyl-CoA. While CPT1A and CPTI1B are enriched
in mitochondria and allow the transport of acyl-CoA into
mitochondria to undergo B-oxidation, CPTI1C is localized in
the ER and its carnitine palmitoyl transferase activity is low
compared to CPT1A and CPT1B (Casals et al., 2016). In contrast,
a lipidomic analysis in the brain of fasted Cptlc knockout mice
showed lower levels of ceramide and sphingosine (Carrasco et al.,
2012). The molecular mechanisms leading to this change in
sphingolipid metabolism are however unknown.

A missense mutation in SLC33AI (p. S113R) has been
observed in a large family of patients presenting with an
autosomal dominant spastic paraplegia (SPG42) (Lin et al., 2008).
SLC33A1 encodes the acetyl-CoA transporter 1 (AT-1) localized
in the ER, which has been proposed to play a key role in the
acetylation of proteins but also of gangliosides such as O-Ac-
GD3 or O-Ac-GT3 (Kanamori et al., 1997). The p. S113R mutant
is supposed to disrupt the second transmembrane domain
of the protein, thus blocking its function (Lin et al, 2008).
A knock-in mouse model expressing the p.S113R mutant at the
heterozygous state presents impaired locomotion at the age of
12 months (Liu et al., 2017). This phenotype is associated with a
demyelination and alteration of ER and mitochondria in the cell
body of neurons. However, whether the synthesis of O-Ac-GD3
or O-Ac-GT3 was decreased in this mouse model has not been
investigated. Acetyl-coA has also been associated with fatty acid
metabolism (Yoshii et al., 2015), but it has not been investigated
whether fatty acid metabolism is impaired in SPG42 patients or
in the Spg42 mouse model.

Sphingolipid Degradation

Krabbe disease and metachromatic leukodystrophy are two
autosomal recessive diseases due to impaired lysosomal
degradation of sphingolipids. Both are progressive diseases,
usually characterized by spasticity, often related to brain
white matter lesions detected on brain MRI—peripheral
neuropathy and cognitive impairment (Orsini et al., 2000;
Gomez-Ospina, 2006). Krabbe disease is caused by loss of
function of galactosylcerebrosidase (GALC) (Rafi et al., 1995).
GALC degrades galactosylceramide, the major sphingolipid
of myelin, as well as other sphingolipids containing galactose
such as psychosine (D-galactosylsphingosine). In the absence
of a functional GALC, galactosylceramide can be degraded by
GM1 ganglioside B-galactosidase (Kobayashi et al., 1985) and
thus do not accumulate in cells of Krabbe disease patients. In
contrast, psychosine cannot be metabolized by GM1 ganglioside
B-galactosidase and thus accumulates in the brain of Krabbe
patients (Svennerholm et al., 1980). In the Twitcher mouse,
a natural model of Krabbe disease, a biochemical analysis
revealed decreased levels of galactosylceramide and sulfatides
at early stages, as well as strong accumulation of psychosine
(Igisu et al, 1983; Igisu and Suzuki, 1984). Metachromatic
leukodystrophy is due to a deficiency in arylsulfatase A (Gomez-
Ospina, 2006). This enzyme mediates the degradation of a
class of glycosphingolipids, sulfatides (Mehl and Jatzkewitz,
1968). Consequently, metachromatic leukodystrophy patients
present high levels of sulfatides in many tissues, including
the brain, and they excrete high levels of sulfatides in urines

(Gomez-Ospina, 2006). A mouse model deficient in arylsulfatase
presents with early onset accumulation of sulfatides in lysosomes
of neurons and oligodendrocytes (Wittke et al, 2004). In
both Krabbe disease and metachromatic leukodystrophy,
allogenic hematopoietic stem cell transplantation (HSCT) can
stabilize/slow-down cerebral demyelinating lesions for pre- or
early-symptomatic juvenile or adult patients (van Rappard et al.,
2016; Laule et al., 2018).

Krabbe disease and metachromatic leukodystrophy belong to
the group of lysosomal storage disorders. However, accumulation
of some glycosphingolipids in lysosomes has also been observed
in SPG11 models of HSP (Boutry et al., 2018) that is not classically
considered as a lysosomal storage disorder. Accumulation
of gangliosides in SPG11 was likely not due to impaired
function of ganglioside-degrading enzymes, suggesting that the
accumulation of gangliosides has another cause. SPGI11 is due
to the loss of function of spatacsin, a protein that has been
implicated in the autophagic lysosome reformation, a mechanism
allowing formation of tubule in autolysosomes at the end of the
autophagy process to recycle lysosome membrane (Chang et al.,
2014). It has been proposed that inhibition of the tubulation in
absence of spatacsin could lead to accumulation of gangliosides
in lysosomes, which could contribute to the motor dysfunction
observed in the mouse model (Branchu et al, 2017; Boutry
et al., 2018). Some SPG11 patients are diagnosed as cases of
amyotrophic lateral sclerosis or Charcot-Marie tooth disease
(Orlacchio et al., 2010; Montecchiani et al., 2016). Of note, the
levels of several glycosphingolipids, including gangliosides, were
upregulated in the spinal cord of ALS patients, suggesting that
they could participate to neurodegeneration in this disease as
well (Dodge et al., 2015). SPG11 patients also frequently present
parkinsonian features (Anheim et al., 2009). It is interesting to
note that the main risk factor identified so far for Parkinson’s
disease is the heterozygous loss of GBAI (Aharon-Peretz
et al.,, 2004). This gene encodes lysosomal glucosylceramidase,
which is a lysosomal enzyme implicated in the degradation of
glycosphingolipids downstream the degradation of gangliosides.

Mutations in GBAI have not been found in HSP patients,
but loss of its paralog GBA2 is responsible for spastic ataxia
with cognitive impairment (SPG46) (Hammer et al., 2013; Martin
et al., 2013). GBA2 is a non-lysosomal glucosylceramidase,
hydrolyzing glucosylceramide into glucose and ceramide. Most
mutations impair the enzymatic function of GBA2 and can
thus be considered from an enzymatic perspective as null
mutants (Sultana et al., 2015). Gba2 knockout mice exhibit gait
abnormalities (Woeste et al, 2019) and fertility impairment
due to abnormal sperm morphology (Raju et al., 2015). This
is consistent with male infertility reported in SPG46 patients
(Martin et al., 2013). Lipidomic analysis in Sertoli cells confirmed
that loss of GBA2 promotes accumulation of glucosylceramide
(Raju et al., 2015). In cerebellum, no difference was observed in
the total levels of glucosylceramide between control and Gba2
knockout mice. However, levels of the gangliosides GM1a, GT1b,
GD1b, and GM3 were slightly increased in the cerebellum of
Gba2 knockout mice compared to wild-type mice (Woeste et al.,
2019). Yet, the link between accumulation of glucosylceramide
and neurodegeneration is not known. It was proposed that
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accumulation of glucosylceramide could alter the membrane
fluidity, which could lead to increased actin polymerization
(Raju et al., 2015).

Alteration of Fatty Acid Metabolism in
Syndromes Presenting Spasticity

Several rare neurodegenerative diseases presenting spasticity are
implicated in the metabolism of fatty acids. Fatty acids are
building blocks for other lipids such as phospholipids, ceramide,
cholesterol esters, and thus change in fatty acid metabolism can
have an impact on many classes of lipids as illustrated below.
X-linked adrenoleukodystrophy (X-ALD) is an X-linked
syndrome caused by mutations in the ABCDI gene that codes
for the adrenoleukodystrophy protein (ALDP) (Mosser et al.,
1993). First, symptoms may occur from childhood to adulthood,
leading to progressive demyelination of the central and peripheral
nervous system. The earlier the illness begins, the more severe
it will be and childhood forms of X-ALD are characterized by
a devastating cerebral demyelination, leading to rapid cognitive
and motor decline, vegetative state within a few months, and
premature death. The clinical spectrum in males with X-ALD
ranges from childhood cerebral ALD (CALD: onset 5-12 years,
35-40% of affected males) to slowly progressive spastic paraplegia
in adulthood (adrenomyeloneuropathy: onset 20-30 years, 60%
of affected males) (Kemp et al., 2012). Approximately 20% of
males with adrenomyeloneuropathy will also develop CALD
later in life with the same poor prognosis as in children. The
only available therapy for CALD is allogenic HSCT (Raymond
et al,, 2019; Waldhiiter et al., 2019). If performed in patients
with minimal brain lesions and no/minor clinical symptoms,
it may arrest the progression of demyelinating lesions. To
overcome the limitations of allogeneic transplantation (lack of
donor, graft versus host reaction, high mortality rate), autologous
transplantation of HSC corrected ex vivo with a lentiviral
vector expressing the ABCDI gene is currently under clinical
trial in children with CALD with very encouraging results
(Eichler et al., 2017). Women carriers of ABCDI mutations
may develop milder forms of the disease, usually with spastic
paraplegia, and sometimes peripheral neuropathy, in adulthood
(Huffnagel et al., 2019). However, it is increasingly recognized
that ABCDI-mutated women develop a wide spectrum of
neurological diseases with age (Engelen et al., 2014). All male
patients present elevated plasma levels of very long chain fatty
acids (VLCFA) but they may be normal in female carriers.
The accumulation of VLCFA is also detected in lipid molecules
or proteins complexing fatty acids. The myelin of X-ALD
patients showed a strong enrichment in VLCFA complexed in
cholesterol esters and sphingomyelin (Brown et al., 1983), an
increased proportion of proteolipid protein (PLP) complexed
to monounsaturated VLCFA (Bizzozero et al., 1991), and
increased amount of VLCFA in glycerophospholipids (Theda
et al., 1992). VLCFA accumulation is also associated with
clinically significant microglial activation (Eichler et al., 2008).
These observations highlight the variety of effects that can
result from the accumulation of VLCFA. This accumulation in
X-ALD patients is the consequence of the impaired B-oxidation

of VLCFA by peroxisomes. The ABCDI product, ALDP, is
a membrane transporter of the ATP-binding cassette family
of proteins and is localized in peroxisomes (Watkins et al.,
1995). It was shown that ALDP can transport the VLCFA from
the cytosol across the peroxisome membrane, allowing their
B-oxidation (van Roermund et al., 2008). VLCFA accumulation
in X-ALD patients is the consequence of the absence of
functional ALDP protein.

VLCFA can be obtained from food, but they can also
be synthesized in the ER by elongases that are enzymes
allowing the elongation of fatty acids (Jakobsson et al., 2006).
Heterozygous mutations in the gene encoding the elongase
ELOVL4 was associated with autosomal dominant juvenile
macular degeneration (Zhang et al., 2001), or spinocerebellar
ataxia SCA34 (Ozaki et al., 2015). However, recessive mutations
in ELOVL4 were found in patients presenting ichthyosis, seizures,
mental retardation, and spastic paraplegia (Aldahmesh et al.,
2011). Deficiency in ELOVL4 in mice led to perinatal death
and was associated with a reduction in VLCFA (Cameron et al.,
2007), as well as decreased levels of ceramide with omega-
hydroxy VLCFA (Li et al., 2007). Recently, a dominant mutation
in ELOVL1 was found in two pediatric patients presenting
ichthyosis, spasticity, mild hypomyelination detected on brain
MRI, and dysmorphic features (Kutkowska-Kazmierczak et al.,
2018). Expression of the pathogenic variant in cell lines reduced
the production of VLCFA (Kutkowska-Kazmierczak et al., 2018).
Analysis of patient cells also revealed a moderate decrease in
the levels of ceramide with fatty acids longer than 24 carbons
(Mueller et al.,, 2019). Consistently, knockout of ElovII in mice
resulted in decreased levels of ceramide with VLCFA (Sassa et al.,
2013). The X-ALD and elongase-linked syndromes highlight the
importance of the balance between synthesis and degradation of
VLCFA for proper brain function. The interplay between the two
cellular function was also demonstrated by the beneficial action
of downregulating ELOVLI in fibroblasts of X-ALD patients
(Ofman et al., 2010).

Sjogren Larsson syndrome (SLS) is an autosomal recessive
disorder characterized by ichthyosis, spastic paraplegia, and
intellectual disability (Sjogren and Larsson, 1957). This syndrome
results from the accumulation of fatty aldehydes (Rizzo and Craft,
1991). Consistently, mutations in ALDH3A2 that encodes a fatty
aldehyde dehydrogenase were identified as responsible for SLS
(Laurenzi et al., 1996). It was demonstrated that fibroblasts of
SLS patients are more sensitive to cell death induced by fatty
aldehydes (James and Zoeller, 1997). This effect could be due to
reactions between accumulating fatty aldehydes and proteins or
lipids such as phosphatidylethanolamine that would disrupt their
biochemical functions (James and Zoeller, 1997).

Mutations in genes encoding enzymes involved in the
metabolism of various lipid molecules highlight the role of lipids
in the physiopathology of HSP. It is important to note that both
synthesis and degradation of most classes of lipids are responsible
for diseases with overlapping presentation. This highlights the
importance of lipid homeostasis for the normal function of
polarized cells like neurons or oligodendrocytes. However, it
is not clear how the change in lipid metabolism can lead to
axon loss or neurodegeneration. Some functional links have been
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established from the study of other forms of HSP, as discussed in
the next part of this review.

FUNCTIONAL CONSEQUENCES OF THE
ALTERATION OF LIPID METABOLISM

Lipids being major membrane constituents, alteration of
their metabolism is likely to alter various membrane-related
functions. We will see that alterations of lipid metabolism
can affect various cellular functions (Table 2), which could
contribute to neurodegeneration. However, it has also emerged
in the last few years that mutations in genes affecting
various subcellular compartments can secondarily lead to
alteration of lipid metabolism, reinforcing its implication in the
physiopathology of HSP.

Lipid Droplets

Lipid droplets (LD) are storage organelles that are formed
by a core of neutral lipids surrounded by a monolayer of
phospholipids. The main lipids stored in LDs are triacylglycerols
(TAG) and esterified cholesterol. LDs formation occurs in
the membrane of the ER. They are dynamic organelles,
playing a key role in lipid metabolism and energy homeostasis
(Olzmann and Carvalho, 2019).

Consistent with the formation of LD in the ER membrane,
several proteins implicated in the morphogenesis of the ER
network have been associated with LD biogenesis or have
been shown to modify their dynamics. When overexpressed,
atlastin and REEP1 are localized at the rim of LD, and
the coexpression of both proteins increases the size of LD
(Klemm et al, 2013). Similarly, M1 spastin, but not M87
spastin, was colocalized with LD, and overexpression of the
M1 spastin isoform increased the size of LD in HeLa cells,
as well as in Drosophila fat body, muscle, and nerve tissues
(Papadopoulos et al., 2015). Conversely, downregulation of
spastin in Drosophila or Caenorhabditis elegans decreased the
number of LD and TAG levels (Papadopoulos et al, 2015).
Atlastin loss of function in C. elegans or Drosophila reduced
LD size and TAG levels (Klemm et al., 2013). Reepl knockout
mice also presented with a lipoatrophy, associated with reduced
levels of serum cholesterol and TAG. The number of LD was
also reduced in neurons of Reepl knockout mice (Renvoisé
et al., 2016). Since atlastin-1, spastin, and Reepl are ER-
shaping proteins (Park et al, 2010), these studies nicely
show a correlation between ER morphology and accumulation
of LD. CPTI1C, an atlastin binding protein, has not been
shown to alter ER morphology, but its knockout in mouse
also decreased the number and size of LD (Rinaldi et al,
2015). It is noteworthy that SPG3 (atlastin-1), SPG4 (spastin),
SPG31 (REEP1), and SPG73 (CPT1C) are rather pure forms
of HSP. Yet, it is not known whether the alteration of ER
morphology or the alteration of LD metabolism is responsible
for patients’ phenotype. Recently, it was proposed that M1
spastin promotes the docking of LD to peroxisomes, allowing the
transfer of fatty acids from LD to peroxisomes. Expression of a
mutant spastin prevented this transfer and led to accumulation

of peroxided lipids, which could contribute to cell death
(Chang et al., 2019).

Spartin and seipin, which are mutated in the complex forms of
HSP SPG20 and SPG17, respectively, were also found in contact
with LD (Szymanski et al., 2007; Eastman et al., 2009). Spartin
interacts with the E3 ubiquitin ligases AIP4 and AIP5 (Edwards
et al., 2009), and it was proposed to promote the ubiquitylation
of lipid droplet proteins (Hooper et al., 2010). Downregulation
of spartin leads to increased LD number and size (Eastman
et al., 2009). Seipin is also implicated in the regulation of ER-
LD contact and loss of seipin function impaired the formation
of LD in fibroblasts (Szymanski et al., 2007; Salo et al., 2016).
However, SPG17 is due to gain-of-function mutation in the
BSCL2 gene, altering glycosylation sites of the protein, and the
consequences of these mutations on LD metabolism have not yet
been investigated.

Another complex form of HSP associated with the
accumulation of LD is SPG54. LD accumulated prominently
in neurons when the main brain TAG lipase, DDHD2, is
knocked out (Inloes et al., 2014). The loss of Ddhd2 in mice
was also responsible for motor and cognitive impairment.
In this mouse model, LD accumulated in neurons, including
axons and dendrites (Inloes et al., 2014). It was proposed that
accumulation of LD in neuronal processes can lead to swellings
and disturb intraneuronal trafficking, which could contribute
to neurodegeneration. Ddhd2 knockdown in Drosophila
reduced the number of active zones at synaptic terminals
(Schuurs-Hoeijmakers et al, 2012). LD may thus disrupt
trafficking of proteins and lipids required for synapse assembly
(Pennetta and Welte, 2018).

Interestingly, these studies suggest that mutations leading
to reduced LD are associated with rather pure forms of
HSP. In contrast, other forms of HSP that were associated
with accumulation of LD are rather complex HSP. However,
it is not clear whether the severity of the phenotype is
only due to alteration of LD. Indeed, LD are in interaction
with other subcellular compartments such as mitochondria or
lysosomes that can also be affected and could contribute to the
physiopathology of HSP.

Mitochondria Dysfunction

Mitochondria play a key role in lipid metabolism, as they can
degrade lipids through p-oxidation, or contribute to synthesis
of TAG (Benador et al.,, 2019). It is interesting to note that loss
of DDHD2 or spartin that are associated with accumulation of
LD also leads to mitochondrial dysfunction (Joshi and Bakowska,
2011; Maruyama et al., 2018). Yet, neurons are not known to
utilize lipids as an energy source for mitochondria, raising the
question of other possible roles of lipids in the regulation of
mitochondrial function. Alternatively, motor neuron dysfunction
could also result from altered energy supply from glial cells that
use lipids as energetic substrates.

DDHD1 and DDHD?2 were initially described as phosphatidic
acid (PA)-preferring phospholipases Al (Higgs et al., 1998;
Inoue et al., 2012). The content of PA in outer mitochondrial
membrane can regulate the dynamics of mitochondria fusion
and fission (Kameoka et al., 2018). Knockdown of DDHDI or
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TABLE 2 | Genes responsible for HSP encoding proteins modifying cellular lipid metabolism.

Gene

Protein name

Function

Lipid droplets (LD)
ATL (SPG3)

SPAST (SPG4)

REEP1 (SPG31)

CPT1C (SPGT73)

Spartin (SPG20)

DDHD2 (SPG54)
Mitochondrial function
DDHD1 (SPG28)
DDHD2 (SPG54)

SERACT

Spartin (SPG20)
ABCD1 (X-ALD)
Lysosome function
GALC (Krabbe)
ARSA (MLD)
ATP13A2 (SPG78)

AP5Z1 (SPG48)
SPG11

ZFYVE26 (SPG15)

SERACT

Synaptic function
PLA2G6
PNPLAG6/NTE (SPG39)

BSCL2 (SPG17)

Myelin/axon maintenance

PLPT (SPG2)
MAG (SPG75)

GJC2 (SPG44)
FA2H (SPG35)

GALC (Krabbe)

ARSA (MLD)

Atlastin
Spastin
REEP1
Carnitine palmitoyl transferase 1C
Spartin
DDHD2

DDHD1
DDHD2

SERAC1

Spartin
Adrenoleukodystrophy protein (ADLP)

Galactosylcerebrosidase
Arylsulfatase A
P5-type ATPase

Subunit ¢ of adapter complex 5
Spatacsin

Spastizin

SERAC1

Group VI phospholipase A2, iPLA2b

Patatin-like phospholipase domain containing 6/Neuropathy
target esterase

Seipin (N88S variant: altered glycosylation of seipin)

Proteolipid protein
Myelin associated glycoprotein

Connexin 47
Fatty acid-2 hydroxylase

Galactosylcerebrosidase

Arylsulfatase A

Regulation of LD size

Regulation of LD size and number
Regulation of LD size

Regulation of LD size and number
Regulation of LD size and number
Triacylglycerol lipase, hydrolysis of LD

Mitochondria fusion/fission, ROS production, ATP synthesis

Mitochondria fusion/fission, ROS production, ATP synthesis,
regulate levels of cardiolipins

Altered levels of cardiolipins, altered function of the respiratory
chain

Regulation of mitochondrial membrane potential
Mitochondrial depolarization, ROS production

Accumulation of psychosine
Accumulation of sulfatides

Regulates lysosomal degradative activity, accumulation of
membranes in lysosomes

Accumulation of membranes in lysosomes

Regulation of autophagic lysosome recovery, accumulation of
gangliosides in lysosomes

Regulation of autophagic lysosome recovery, accumulation of
membranes in lysosomes

Reduced levels of bis-monoacylglycerol-phosphate in
lysosomes

Alteration of synaptic structure
Reduction of the activity of the secretory pathway

Decreased number of docked synaptic vesicles in sypases

Constituent of myelin, required for long term axon maintenance

Constituent of myelin, binds to gangliosides present in axon
membrane, required for long term axon maintenance

Gap junction protein, required for glial coupling in white matter

Decreased levels of galactosylceramide, required for long-term
axon maintenance

Defective myelin formation and later on demyelination;
psychosine-induced toxicity of oligodendrocytes

Demyelination

DDHD?2 in some cells types, but not all of them, promoted
elongation of mitochondria, probably by enhancing their fusion
(Baba et al., 2014). The equilibrium between fusion and fission of
mitochondria is required to clear damaged mitochondria (Twig
et al., 2008). Loss of DDHD2 in mouse embryonic fibroblasts
increased mitochondrial membrane potential and reduced
ATP production and O, consumption. These mitochondrial
dysfunction were associated with production of reactive oxygen
species (Maruyama et al, 2018). Similar to loss of DDHD2,
lymphoblasts of SPG28 patients devoid of DDHD1 also presented
higher ROS production and lower ATP production compared
to control cells (Tesson et al., 2012). Excessive fusion observed

in the absence of DDHD1 or DDHD2 could explain the
accumulation of dysfunctional mitochondria and thus impaired
ATP production, which could contribute to neurodegeneration.
Importantly, the alteration of mitochondrial function in
DDHD?2 knockout fibroblasts was not associated with the
accumulation of LD or increased levels of TAG, but it was
associated with decreased levels of cardiolipin, a mitochondria-
specific lipid class (Maruyama et al., 2018). Cardiolipin can
regulate the fusion of mitochondria and the formation of
mitochondrial respiratory supercomplexes (Mileykovskaya and
Dowhan, 2014; Kameoka et al., 2018). In fibroblasts of patients
with SERACI mutations (MEGDEL syndrome), the levels of
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cardiolipin were increased compared to controls. This was
associated with a dysfunction of the mitochondrial respiratory
chain (Wortmann et al., 2012). It has not been investigated
whether mitochondrial function was altered in fibroblasts of HSP
patients with SERACI mutations. Spartin, implicated in SPG20,
was also shown to interact with cardiolipins and was present
on the outer mitochondrial membrane. Downregulation of
spartin decreased mitochondrial membrane potential (Joshi and
Bakowska, 2011), but it is not clear whether this effect is caused
by a change in the levels of mitochondria lipid composition.

In vitro experiments showed that exposition to VLCFA
induced death of astrocytes and oligodendrocytes (Hein et al,
2008). VLCFA exposition deregulated intracellular calcium
homeostasis in neurons, astrocytes, and oligodendrocytes, but the
latter were the most affected cell type (Hein et al., 2008). VLCFA
exposition induced mitochondrial depolarization and reactive
oxygen species production (Hein et al., 2008), which could
contribute to oligodendrocyte death. Consistently, astrocytes
derived from Abcdl knockout mice exhibited impaired energy
metabolism and increased ROS production when exposed to
supraphysiological concentration of VLCFA (Kruska et al., 2015).

Change in mitochondrial function was also observed in
fibroblasts and lymphoblasts from SPG49/56 patients. In the
absence of functional CYP21U, the oxygen consumption was
reduced and was associated with increased oxidative stress
(Tesson et al., 2012). The subcellular localization of CYP2U1
is still not clear. This cytochrome was proposed to metabolize
arachidonic acid into 19- and 20-HETE (Chuang et al., 2004),
or to oxidize the endocannabinoid N-arachidonoylserotonin to
downregulate its action (Siller et al.,, 2014). However, it is not
known whether these molecules can regulate mitochondrial
function directly or whether this is mediated by other
metabolites, not yet identified, of this cytochrome P450.

Lysosomal Dysfunction

The clearest link between alteration of lysosome function
and spasticity is provided by Krabbe and metachromatic
leukodystrophy patients. Indeed, these two pathologies belong
to the group of lysosomal storage disorders. Both diseases
result from the loss of activity of a lysosomal enzyme leading
to abnormal accumulation of substrates: psychosine (Krabbe)
and sulfatides (Metachromatic leukodystrophy). Why such
accumulation of substrates leads to spasticity is not clear.

Several other forms of HSP have also been proposed to
be associated with impaired lysosomal function. Mutations of
ATP13A2 were found in families with complex hereditary spastic
paraplegia (SPG78) (Estrada-Cuzcano et al, 2017). ATP13A2
is a P5ATPase that is mainly localized in the membrane
of lysosomes (Ramirez et al., 2006), and dysfunction of this
protein was shown to be responsible for impaired lysosomal
degradation (Dehay et al, 2012). Consistently, homozygous
mutations in fibroblasts of SPG78 patients increased the number
of lysosomes and impaired lysosomal degradative activity,
and electron microscopy analysis revealed that lysosomes
accumulated abnormal material consisting of whirls and stacks of
membranes (Estrada-Cuzcano et al., 2017). This was reminiscent
of neuronal ceroid lipofuscinosis, also found in patients mutated

in this gene (Bras et al., 2012). Similar accumulation of lysosomal
membranes was also observed in fibroblasts of SPG48 patients
with loss-of-function mutation in the ¢ subunit of the AP-5
complex (Hirst et al., 2015). Electron microscopy analysis of
fibroblasts of SPG15 patients and neurons of Spgl5 knockout
mice showed the accumulation of zebra or fingerprint bodies
(Khundadze et al., 2013; Renvoisé et al., 2014), which are
lysosomes with accumulation of membranes similar to those
found in some lysosomal storage disorders (Parkinson-Lawrence
et al., 2010). Analysis of SPG11 patient fibroblasts, in contrast,
did not reveal accumulation of lamellar structures by electron
microscopy. However, in brains of Spgl5, Spgll, and Spg48
knockout mice, ultrastructural analysis showed the presence of
electron dense deposits that looked like lipofuscin (Khundadze
et al.,, 2013, 2019; Varga et al.,, 2015; Branchu et al,, 2017). In
all three models, the presence of these deposits was proposed
to result from the accumulation of autolysosomes or impaired
autophagic clearance. In the case of Spgll knockout mice,
the lysosomal deposits were shown to contain lipids, and a
lipidomic analysis revealed that the lysosomes accumulated
simple gangliosides (Boutry et al., 2018). Whether gangliosides
accumulate upon loss of function of spastizin or AP-5¢ is not
known. Likewise, it is not clear why gangliosides accumulate
in absence of spatacsin, the product of SPG11. It was proposed
that such accumulation could be a consequence of impaired
lysosomal membrane recycling (Boutry et al., 2018), but other
mechanisms could contribute to this accumulation. For example,
the levels of bis-monoacylglycerol-phosphate (BMP), which
facilitates the degradation of GM2 ganglioside (Anheuser et al.,
2015), were reduced in fibroblasts of patients with SERACI
mutations compared to controls (Wortmann et al, 2012).
Importantly, mutations in SPGII, SPG15, SPG48, ATP13A2,
and SERACI have been associated with parkinsonism in some
patients (Ramirez et al, 2006; Anheim et al., 2009; Schicks
et al.,, 2011; Hirst et al., 2016; Ma et al., 2018). The clinical
overlap between these patients, as well as the similarities
observed in the lysosomal dysfunction suggest that these HSP
entities may share some physiopathological pathways, although
some differences may exist between them (Vantaggiato et al,
2019). Accumulation of membrane structures in lysosomes
has also been observed in cells derived from Spg4 or Spg31
knockout mice. These defects resulted from impaired ER-
mediated endosomal tubule fission (Allison et al., 2017). Yet, it
is not clear whether these lysosomal structures share similarities
in composition with the lysosomes accumulating membranes
observed in fibroblasts of SPG11, SPG15, SPG48, or ATP13A2-
deficient patients.

In SPG11 models, decreased gangliosides synthesis prevented
neuronal death in vitro and improved the motor phenotype in
a zebrafish model, suggesting that accumulation of gangliosides
could contribute to neurodegeneration (Boutry et al, 2018).
These results were notably obtained using miglustat, a non-
specific inhibitor of glucosylceramide synthase that is used in
the treatment of Gaucher disease. However, miglustat poorly
crosses the blood-brain barrier and is not efficient for symptoms
of neuropathic Gaucher Disease (Schiffmann et al, 2008).
Furthermore, in a mouse model of Sandhoff disease, miglustat
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increased the levels of brain glycosphingolipids (Ashe et al.,
2011), questioning its efficacy in the central nervous system.
Decreasing ganglioside synthesis is thus of therapeutic interest
for SPG11 patients, but it is still unsure whether miglustat is
a good therapeutic option for these patients. Further studies
are thus required to validate this therapeutic strategy. If such
a therapy was efficient in SPG11, it would be worth validating
whether a similar strategy could also be eflicient in other
forms of HSP presenting alteration of lysosomal function and
a phenotypic presentation overlapping with SPG11 patients.
Besides synthesis of gangliosides, other studies have shown a
beneficial effect of clinically used GSK3 blocker tideglusib on
the neurodevelopmental phenotype observed in SPG11 models
(Mishra et al., 2016; Pérez-Branguli et al., 2019). However, it is not
known yet whether such a treatment would affect the metabolism
of gangliosides or act on a different pathway. It has also not
been evaluated whether restoration of normal development in
SPG11 could prevent neurodegeneration that occurs later in life
of SPG11 patients.

Alteration of Synaptic Function

Neuropathological investigations on autopsic cases of HSP have
proposed a “dying back” mechanism of axonal degeneration
(DeLuca et al.,, 2004). Such mechanisms would be compatible
with a primary alteration of synaptic function. Exocytosis
and endocytosis of synaptic vesicles have been thought to be
mainly mediated by proteins, but it has emerged that lipid
composition of membranes and lipid mediators also play a
key role in these processes (Darios et al., 2007; Mochel, 2018).
It is therefore tempting to speculate that alteration of lipid
metabolism observed in some HSP would impair synaptic
function and underlie some symptoms of the disease. For
example, the product of PLA2G6, the calcium-independent
phospholipase A2 f (iPLA2p), is localized in axon terminals
and dendritic spines of neurons (Ong et al, 2005) where
it releases polyunsaturated fatty acids (PUFAs) from brain
phospholipids (Green et al., 2008). Accordingly, brains of Pla2g6
knockout mice present alteration of some PUFAs (Beck et al,,
2011). Ultrastructural analyses of the posterior horn in this
model showed the presence of loose presynaptic membranes
containing synaptic vesicles (Beck et al., 2011). This insufficient
membrane remodeling was proposed to contribute to the
generation of axonal spheroids (Beck et al, 2011). Synaptic
dysfunction could also underlie early behavioral symptoms in
these mice, before the onset of neurodegeneration. Similarly,
deficiency in NTE, another phospholipase associated with
HSP, is associated with increased levels of phosphatidylcholine
in brain—as described in the first part of the review—and
a 20% decrease of protein secretion (Read et al., 2009).
Alteration of the secretory pathway could affect synaptic
vesicles and contribute to neuronal dysfunction long before
neurodegeneration. Yet, iPLA2f and NTE have different lipid
targets and may act by different mechanisms to regulate
synaptic function. DDHD2, which was proposed to have a PLA1
action, also leads to synaptic defects in a drosophila model
(Schuurs-Hoeijmakers et al., 2012). It would be interesting to
further analyze how the loss of function of these enzymes

contributes to synaptic dysfunction and underlie some early
symptoms of HSP.

Alteration of synaptic function has also been observed upon
expression of N88S seipin mutant in neurons, which decreased
the number of synaptic vesicles docked to the plasma membrane.
This alteration decreased the amplitude of evoked postsynaptic
response (Wei et al., 2014). Yet, the link between the function
of seipin in LD and the alteration of synaptic vesicles docking is
unknown. Similarly, loss of spastin or atlastin, which regulates
LD formation as illustrated above, affects synaptic functions
(Trotta et al., 2004; De Gregorio et al., 2017). Whether this is
related to the change in ER morphology due to loss of spastin
or atlastin, or to the action of these proteins on LD remains
to be established.

Importance of Myelin for Axon

Maintenance

The most prominent lipid component of the brain is myelin
that surrounds axons and promotes fast propagation of
membrane depolarization. Most, if not all, forms of complex
HSP are associated with white matter abnormalities detected
on brain MRI. On the other hand, most, if not all, forms
of leukodystrophies can present with spastic paraplegia
such as Krabbe disease and metachromatic leukodystrophy.
Likewise, it becomes increasingly difficult to make a distinction
between HSP and leukodystrophy genes as illustrated by FA2H
(Kruer et al., 2010).

Mutations in proteolipid protein gene (PLPI), GJC2, and
MAG are responsible for a variety of phenotype ranging from
hereditary spastic paraplegias (SPG2, SPG44, and SPG75,
respectively) to neurodevelopmental disorders including
Pelizaeus-Merzbacher disease, a hypomyelinating disorder of the
central nervous system (Saugier-Veber et al., 1994; Orthmann-
Murphy et al., 2009; Novarino et al., 2014; Lossos et al., 2015). The
proteins encoded by these genes are essential for the maintenance
of the myelin and axon integrity. Furthermore, loss of PLP1 in an
oligodendrocyte cell line led to decreased levels of ethanolamine
plasmalogen (Wood et al., 2011), highlighting the link between
lipid metabolism and myelin maintenance. PLPI encodes two
proteins, PLP and DM20, that are essential constituents of
myelin. An autopsic case of SPG2 showed widespread white
matter pallor in the central nervous system. Demyelination was
associated with loss of axons and remaining fibers contained
spheroids (Suzuki et al., 2011). Similarly, Plpl knockout mice
assembled compact myelin sheaths, but subsequently showed
progressive degeneration of axons (Griffiths, 1998), suggesting
that maintenance of myelin is required to sustain neuronal
function. This was confirmed by the specific deletion of Plp1
in oligodendroglial lineage, demonstrating that PLP is essential
in oligodendrocytes to sustain axonal function and prevent
axonal degeneration (Luders et al, 2017). Loss of PLP was
shown to alter fast axonal transport, leading to accumulation
of membranous organelles and formation of axonal swellings
(Edgar et al., 2004).

Similarly to loss of Plp, Mag knockout mice did not
show impaired myelination, but when they became older than
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8 months, they presented alteration of the maintenance of axon-
myelin units, resulting in both axon and myelin degeneration
(Fruttiger et al, 1995). MAG is expressed on the myelin
membrane wrap that is directly apposed to the membrane
of neurons, and it binds to receptors on axons (Schnaar
and Lopez, 2009). Among the putative receptors on axon
membranes, GD1la and GT1b were identified as potent MAG
receptors (Yang et al., 1996). B4galnt] knockout mice, which
are deficient in a key enzyme for ganglioside extension, lack
GD1la and GT1b and present progressive axon degeneration
(Sheikh et al, 1999; Chiavegatto et al, 2000). Expression
of B4GALNT1 specifically in neurons in the B4galntl™/—
mice prevented axon degeneration, suggesting that neuronal
gangliosides are critical to maintain axon integrity (Yao et al.,
2014). Interestingly, comparison of Mag, B4galntl, and double
knockout mice in the same genetic background showed similar
axon degeneration, suggesting that oligodendroglial MAG
binding to neuronal gangliosides contributes to maintain axon
function (Pan et al., 2005).

Beside mutations affecting proteins that are myelin
constituents, other mutations affect the lipid composition
of myelin. Myelin is highly enriched in sphingolipids containing
2-hydroxylated fatty acids that require the FA2H enzyme
for their synthesis, as illustrated in the first section of the
review. The absence of FA2H in mouse did not prevent the
formation of myelin sheaths. However, as mice were aging,
axon and myelin sheath degeneration was observed (Zoller
et al., 2008). Similar to the observations made in mice devoid
of PLP or MAG, this suggests that axon degeneration is a
consequence of impaired support provided by myelin. Specific
deletion of FA2H in Schwann cells and oligodendrocytes showed
demyelination similar to that observed in a constitutive Fa2h
knockout mouse model (Potter et al., 2011). However, these
mice did not show impaired cognitive function as observed
in constitutive knockout, suggesting that FA2H could also
have important function outside myelinating cells (Potter
et al, 2011). Levels of 2-hydroxygalactosylceramide are also
strongly reduced in the Aldh3a2 knockout mouse model of
Sjorgren-Larsson syndrome, due to inactivation of FA2H
(Kanetake et al., 2019). Consistent with the Fa2h knockout, the
formation of myelin was not impaired in Aldh3a2 knockout mice
(Kanetake et al., 2019).

As already discussed, X-ALD patients present progressive
demyelination. In these patients and in a mouse model of
the disease, the composition of myelin is altered (Brown
et al., 1983; Bizzozero et al, 1991; Theda et al., 1992; Hama
et al, 2018), but it is still not known whether this change
in lipid composition contributes to demyelination. Patients
affected by Krabbe disease or metachromatic leukodystrophy
also present a strong demyelination, although the molecular
mechanism underlying this phenomenon is still unclear. Loss of
arylsulfatase A activity both in metachromatic leukodystrophy
patients and in a mouse model of the disease leads to a
strong accumulation of sulfatides, a class of lipids enriched
in myelin. Yet, the mouse model of this disease did not
present any gross white matter defect (Hess et al, 1996).
In Krabbe disease, defective myelin formation as well as

demyelination at a late disease stage have been observed in
the natural Twitcher mouse model of the disease (Takahashi
and Suzuki, 1984; Inamura et al., 2018). The alterations
were proposed to result from impaired differentiation and
survival of oligodendrocytes, due to accumulation of psychosine
(Inamura et al., 2018).

Abnormal white matter has been detected on brain MRI in
many HSP subtypes. Therefore, the loss of support provided
by myelin to maintain axon function could contribute to
the physiopathology in many forms of HSP. However, the
mechanism of myelin loss in many forms of HSP is not known,
and it will be important to determine whether loss of myelin is
the primary defect or whether it is secondary or concomitant to
axon degeneration.

CONCLUSION

HSP can be due to various mutations in genes encoding proteins
involved in lipid metabolism, affecting most classes of lipids
(sterols, fatty acids, phospholipids, and sphingolipids). This
review of the literature highlights that alteration of both synthesis
and degradation of the various classes of lipids can lead to
HSP or HSP-related disorders, highlighting the importance of
lipid homeostasis for the brain physiology. Based on current
knowledge, the products of some genes can be connected within
metabolic pathways, but many gaps exist between these products.
Since the genetic cause is still unknown in about 50% of HSP
patients, the identification of new causative genes may help to
fill this gap. However, the identification of genes responsible
for diseases has become challenging, as the main genes have
likely been identified. Combination of genomic with lipidomic
analysis could help us to uncover new genes and complete
the map of genes responsible for HSP that are implicated in
lipid metabolism.

As illustrated here, various steps of the metabolism of
lipid molecules can be affected, leading to alteration in
various subcellular compartments. Alteration of mitochondrial
functions, oxidative stress or impairment of axonal transport
can occur in some forms of HSP associated with alteration
of lipid metabolism. Yet, the link between alteration of lipid
metabolism and neurodegeneration is still unclear in most forms
of HSP. Indeed, many studies have been performed in cell lines
or cells derived from patients to demonstrate which lipid class
was primarily affected. As shown by the investigation of myelin-
axon interaction, studies modulating lipid metabolism in animal
models, or at least cultured neuronal models, are now required
to evaluate the role of lipids in neurodegeneration in HSP. This
kind of study will be critical to develop therapeutic strategies.
Indeed, metabolic processes, including lipid metabolism, are
in theory druggable and understanding the role of lipids in
neurodegeneration could help to identify therapeutic targets.
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