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AbstractThe aim of this study was to evaluate changes in the content of sphingoid
bases – sphingosine (SPH), sphinganine, and sphingosine-1-phosphate (SPH-1-P) – and
in expression of genes encoding enzymes involved in their metabolism in the brain
structures (hippocampus, cortex, and cerebellum) and spinal cord of transgenic FUS(1359) mice. FUS(1-359) mice are characterized by motor impairments and can be used as
a model of amyotrophic lateral sclerosis (ALS). Lipids from the mouse brain structures
and spinal cord after 2, 3, and 4 months of disease development were analyzed by
chromatography/mass spectrometry, while changes in the expression of the SPHK1,
SPHK2, SGPP2, SGPL1, ASAH1, and ASAH2 genes were assayed using RNA
sequencing. The levels of SPH and sphinganine (i.e., sphingoid bases with pronounced
pro-apoptotic properties) were dramatically increased in the spinal cord at the terminal
stage of the disease. The ratio of the anti-apoptotic SPH-1-P to SPH and sphinganine
sharply reduced, indicating massive apoptosis of spinal cord cells. Significant changes
in the content of SPH and SPH-1-P and in the expression of genes related to their
metabolism were found at the terminal ALS stage in the spinal cord. Expression of the
SGPL gene (SPH-1-P lyase) was strongly activated, while expression of the SGPP2
(SPH-1-P phosphatase) gene was reduced. Elucidation of mechanisms for the regulation
of sphingolipid metabolism in ALS will help to identify molecular targets for the newgeneration drugs.

Keywords: amyotrophic lateral sclerosis, sphingosine, sphingosine-1-phosphate,
SPHK2, SGPP2, SGPL1, ASAH1, ASAH2
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Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenerative disease
characterized by selective degeneration of motor neurons in the spinal cord, motor
cortex, and brain stem. Clinically, the disease is manifested as the muscular exhaustion,
speech and swallowing impairments, fasciculation, and changes in reflexes and
plasticity. The patients die three to five years after appearance of the first disease
symptoms mainly because of the respiratory paralysis. The etiology of ~90% registered
ALS cases is unknown, so they are classified as sporadic. The remaining 10% are
hereditary ALS forms associated mainly with autosomal dominant mutations in
particular genes [1].
Mutations associated with ALS mostly lead to the conformational instability and
aggregation of proteins (SOD1 [2], VCP [3], OPTIN [4], UBQLN2 [5]), impairments in
the RNA processing and transport (C9ORF72 [6], TDP-43 [7], FUS [8, 9]), and changes
in the cytoskeleton dynamics (PFN1 [10], DCTN1 [11], TUBA4A [12]) [13]. This
outstanding genetic variability of ALS explains its complexity, when different
mechanisms result in similar disease pathogenesis. The key features of ALS
development are excitotoxicity, oxidative stress, dysfunction of mitochondria [2], and
neuroinflammatory and immune reactions [3, 4]. Recently, apoptosis (programmed cell
death) has been intensely studied as one of possible mechanisms responsible for the
degeneration of motor neurons in ALS [5].
In this connection, much attention has been drawn to the studies on the disorders
of lipid metabolism in ALS development. Lipids play an extremely important role in the
central nervous system: they serve as energy sources and major structural components
of the cell membranes, as well as participate in the cell–cell communications and signal
transmission in apoptosis and differentiation. Disturbances in the lipid metabolism
negatively impact both structural and physiological properties of the brain and functions
of neurons and neuroglia, including membrane transport and control of enzyme activity
[14]. Destruction of cell membranes is a characteristic feature of neurodegeneration that
emerges in chronic diseases of the central nervous system [15].
Both sporadic and hereditary forms of ALS are accompanied by lipid
metabolism disorders, the most frequent of which is hyperlipidemia (a type of
dyslipidemia) [16, 17]. One of the characteristic ALS symptoms observed in ~66%
patients is weight loss due to the hypermetabolism directly associated with lipid
metabolism [16].
Lipids perform the regulatory role by acting as secondary messengers in the
inflammation processes during ALS development which are accompanied by the
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activation of microglia, loss of neuromuscular junctions, and subsequent degeneration
of motor neurons. At the same time, the level of neurotoxic molecules (e.g., cytokines)
synthesized with an active involvement of lipid messengers increases [17].
Sphingolipids occupy a special place among lipids, since they are the most
important source of secondary messengers involved in cell proliferation, differentiation,
and apoptosis [18]. Disorders in the sphingolipid metabolism have been found in many
hereditary metabolic diseases, such as Fabry, Niemann–Pick and Gaucher lysosomal
storage diseases, and in neurodegenerative disorders (Parkinson’s and Alzheimer’s
diseases) [19].
The structure of almost all sphingolipids is based on the sphingoid base
sphingosine (SPH). Free SPH is produced as a result of ceramide hydrolysis by
ceramidase and can be converted back into ceramide by ceramide synthase. Moreover, it
can be phosphorylated to sphingosine-1-phosphate (SPH-1-P) by two kinases (Fig. 1).
SPH influences cell growth, differentiation, and death [20, 21], affects platelet
aggregation [22], inhibits blood coagulation [23], and stimulates mitogenesis [24]; it
also has the antitumor [25] and antimicrobial [26] activities. An especially important
feature of SPH is its ability to induce apoptosis [20, 27-32]. The mechanism of SPHmediated apoptosis involves multiple molecular events. It has been shown that in the
presence of SPH, apoptosis develops through the caspase-dependent pathway. SPH can
induce Bid cleavage, cytochrome c release from the mitochondria, as well as activation
of downstream effector caspases 3 or 7 and PARP cleavage. The role of SPH in
mitochondrial apoptosis is determined by its effect on the Bcl-2 and Bax proteins: it
downregulates Bcl-2 expression and induces Bax cleavage [27].
Similar to ceramide, SPH inhibits protein kinase C (PKC), which is the most
important lipid-dependent enzyme determining the cell survival. This effect is
associated with the SPH structure that includes primary amino group and long fatty acid
residue. The extent of PKC inhibition depends on the presence in the incubation
medium of phosphatidylserine, diacylglycerol, Ca2+, lysophosphatidylcholine, phorbol
esters, and fatty acids (PKC activators) [33]. Diacylglycerol in the membrane facilitates
PKC translocation from the cytosol to the plasma membrane and increases its affinity
for Ca2+/calmodulin, thus inducing activation of the enzyme at low cytoplasmic Ca2+
concentrations. Phorbol esters mimic the action of diacylglycerol. The presence of
phospholipids and fatty acids is necessary for the PKC activity.
In addition to the effect on PKC, SPH activates a number of other protein
kinases, such as casein kinase II [34], mitogen-activated protein kinases [35],
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sphingosine-dependent kinase (its activity is specifically regulated by SPH and
dimethylsphingosine) [36], c-Jun N-terminal kinase [37], protein kinase FA/GSK-3
involved in the heat shock signaling [38], etc.
SPH also influences many other enzymes in the cell. It activates GTP
cyclohydrolase [39], adenylate cyclase [40], phospholipase D [41], and phospholipase
C [42]. SPH inhibits NADPH oxidase [43], tissue growth factor [44], calmodulindependent kinase [45], tyrosine kinase activity of the insulin receptor [46], phosphatidic
acid phosphohydrolase [47], and CTP:phosphocholine cytidyltransferase [48], as well as
regulates activity of DAG kinase [49]. SPH affects phosphorylation of various receptor
proteins [44, 50, 51] and induces Ca2+ mobilization from the intracellular depots [52,
53].
The pro-apoptotic action of SPH is associated with its ability to interact with
DNA and influence the activities of replication and transcription enzymes [54], as well
as DNA-binding properties of some regulatory proteins including transcription factors
and topoisomerases [55, 56]. Some properties of SPH are also characteristic for another
sphingoid base – SPH precursor dihydrosphingosine (sphinganine) (Fig. 1).
On the contrary, SPH-1-P has the anti-apoptotic properties and promotes cell
proliferation. A special role in these processes belongs to the SPH kinase that decreases
the content of SPH in the cell, thereby preventing cell death [20, 27].
Due to their pronounced pro-apoptotic properties, SPH and sphinganine can be
directly involved in the death of the central nervous system cells in the course of ALS.
However, up to now, there have been no studies on the changes in the levels of
sphingoid bases during ALS development in humans and animal models. Alterations in
the SPH-1-P content in the course of ALS are also poorly investigated. Therefore, we
have paid special attention to the content of SPH and other sphingoid bases in the brain
structures and spinal cord and their possible involvement in the neuron death in ALS.
The purpose of the study was to evaluate the changes in the content of sphingoid
bases (SPH, sphinganine, and SPH-1-P) and in the expression of genes encoding
enzymes involved in their metabolism in the brain structures (hippocampus, cortex, and
cerebellum) and spinal cord (lumbar region) in FUS(1-359) transgenic mice that were
used as an ALS model.
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MATERIALS AND METHODS

Animals. Transgenic FUS(1-359) mice (Bioresource Collection of the Institute
of Physiologically Active Compounds, Russian Academy of Sciences) were used as an
ALS model. The mice overexpressed the human FUS protein lacking the nuclear
location signal under the neuron-specific promoter Thy-1 and displayed characteristic
symptoms of ALS. The FUS(1-359) mice have been maintained in a hemizygous state
on the CD-1 genetic background according to the previously described protocol [57].
The mice accumulated protein inclusions in the cytoplasm of nerve cells, which led to
the damage of axons of motor neurons accompanied by neuroinflammatory response
and decrease in the number of motor neurons. The FUS(1-359) mice are characterized
by a relatively early manifestation of the disease (2.5-4.5 months) and rapid lethal
outcome within several days after symptom manifestation.
Brain structures (hippocampus, cerebellum, and cortex) and spinal cord (lumbar
region) were isolated from the mice at the age of 2, 3, and 4 months, which
corresponded to the pre-symptomatic, early symptomatic, and symptomatic stages of
the disease, respectively. Littermates of the same age but without the transgenic cassette
were used as controls.
Lipids were extracted by the method of Bligh and Dyer [58].
Analysis of sphingoid bases (SPH and sphinganine) and SPH-1-P by liquid
chromatography/mass spectrometry [59]. Isolated lipids were evaporated under
nitrogen flow (PE-8920; Ekroskhim, Russia), dissolved in a chloroform–methanol
mixture (2 : 1, v/v) at a concentration of 6.8 mg/ml, and analyzed by high-performance
liquid chromatography/mass spectrometry using a TSQ Endura device (Thermo
Scientific, USA) equipped with an EclipsePlusC8 column (Agilent, USA) in the
multiple reaction monitoring (MRM) regime. MRM transitions for the sphingoid bases
were as follows. SPH: MН+  (M-2Н2O)+, m/z 300  m/z 264; sphinganine: MН+ 
(M-2Н2O)+, m/z 302  m/z 266; SPH-1-P: MН+  (M-Н3PO4)+, m/z 381  m/z 264.
Calibration curves were plotted using SPH, deuterosphingosine, sphinganine,
and sphingosine phosphate C17 (Avanti, USA) (MRM transition: 366  250). For each
lipid, we calculated the ratio of the area under the chromatographic peak to the area
under the chromatographic peak of the standard molecule.
Expression of genes encoding enzymes of sphingolipid metabolism was
analyzed using RNA sequencing (RNA-Seq). mRNA libraries for sequencing were
generated using a kit for isolating poly(A)+ fraction of mRNA (NEB, USA) and
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NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB) as
recommended by the manufacturer [60]. Poly(A)-enriched RNA fraction was sequenced
on an Illumina NextSeq 500 platform (Illumina, USA) at the Center of Collective Use
(Institute

of

Molecular

Biology,

Russian

Academy

of

Sciences)

(http://www.eimb.ru/rus/ckp/ccu_genome_c.php). Data processing was performed using
the PPLine software [61], including trimming of short readings based on sequencing
quality and length with Trimmomatic program [62], alignment of readings to the
reference genome of the GRCm38 version with the STAR program [63], and counting
of the readings aligned to the genes with the htseq-count program [64].
Statistical data processing and analysis of differential gene expression were
carried out with the edgeR package [65] used in the statistical data processing medium
of the R language [66]. The significance of differences in the gene expression was
estimated by pairwise comparison of experimental groups using standard Fischer F-test
and Benjamini–Hochberg procedure for multiple testing correction [67]. The data were
visualized using the ggplot2 package [68].

RESULTS

SPH content in the hippocampus, cerebellum, cortex, and spinal cord
during the ALS development. The content of SPH capable of inducing apoptosis in
the CNS cells was determined in mice at the age of 2, 3, and 4 months. The amount of
SPH was determined in lipid specimens and calculated in pg/mg tissue and pg/mg
phosphate. Virtually no changes were found in the SPH content calculated per tissue
weight in the cerebellum, cortex, and hippocampus in comparison to the control; at the
same time, the amount of SPH in the spinal cord at the terminal ALS stage (4 months)
increased 4-fold (Fig. 2), which was accompanied by the massive cell death in this CNS
region likely caused by the increase in the SPH content. Analysis of changes in SPH
amount per mg phosphate (data not presented) revealed its slight increase in the
hippocampus at the age of 3 months and in the cortex at the age of 4 months, whereas
no changes were observed in the cerebellum. On the contrary, in the spinal cord, the
amount of SPH per mg phosphate increased dramatically.
Sphinganine content in the hippocampus, cerebellum, cortex, and spinal
cord during ALS development. Analysis of changes in the sphinganine content under
the same conditions revealed similar pattern as for SPH. The amount of sphinganine in
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the spinal cord increased at the age of 4 months, but this increase was less pronounced
(2-fold) than in the case of SPH (Fig. 3). In the brain structures, the content of
sphinganine (calculated per either mg tissue or mg phosphate) remained virtually the
same as in the control during the entire period of observation.
SPH-1-P content in the hippocampus, cerebellum, cortex, and spinal cord
during ALS development. SPH-1-P is a product of SPH phosphorylation. Unlike
ceramide and SPH, it has the anti-apoptotic properties and participates in the regulation
of cell proliferation [20]. Changes in the SPH-1-P level and its ratio to SPH and
sphinganine can affect survival of CNS cells. The content of SPH-1-P in the brain
structures was low and virtually did not change in the course of disease development
(Fig. 4). In the spinal cord, the content of SPH-1-P was considerably higher than in the
brain structures and remained constant within the first 4 months. After 4 months, a
slight tendency for the increase in the SPH-1-P content was observed. On the contrary,
in the control animals, there was a tendency for the decrease in the SPH-1-P content
with age, which was likely related to the exhaustion of protective anti-apoptotic reserves
of the body. The increase in the SPH-1-P content in the animals with ALS can be
explained by the elevation of the amount of content of SPH from which SPH-1-P is
synthesized. Moreover, the SPH-1-P ratio to SPH sharply fell in these animals, i.e., the
balance between proliferation and apoptosis in the spinal cord cells was disrupted (Figs.
2 and 4).
Expression of genes involved in the metabolism of SPH, sphinganine, and
SPH-1-P in the spinal cord during ALS development. Since initially high levels of
SPH, sphinganine, and SPH-1-P and changes in the SPH and sphinganine content were
observed in the spinal cord only, we analyzed expression of genes encoding enzymes
directly involved in the metabolism of these compounds in this CNS region. Expression
of the following enzymes was evaluated: 3-ketosphinganine reductase (3-KSR),
ceramidase, SPH kinase, SPH-1-P phosphatase, and SPH-1-P lyase (Fig. 1). 3-KSR
converts 3-ketosphinganine into sphinganine; dihydroceramide synthase converts
sphinganine into dihydroceramide, which is metabolized into ceramide. Ceramidases
convert ceramide into SPH (the only SPH source in the cells). By now, five ceramidases
have been identified [19]. Acidic ceramidase (ASAH1) and neutral ceramidase
(ASAH2) localize to the lysosomal compartments and plasma membrane, respectively,
while three alkaline ceramidases have been found in the Golgi apparatus and plasma
membrane. SPH kinase phosphorylates SPH with the formation of the anti-apoptotic
SPH-1-P. SPH-1-P, in its turn, can be converted back into SPH by SPH-1-P
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phosphatase or completely removed from the metabolic cycle by SPH-1-P lyase with
the generation of ethanolamine phosphate and hexadecenal (Fig. 1). Therefore, SPH
content in the cell can be change through several pathways.
First, we evaluated expression of the 3-KSR gene involved in sphinganine
synthesis in the spinal cord of transgenic (FUS) and non-transgenic wild type (WT)
mice. In 4-month-old mice, the level of 3-KSR mRNA in transgenic mice was slightly
increased as compared to the control WT animals (Fig. 5). Next, we investigated
expression of four genes encoding ceramidases and found that expression of the ASAH1
(acidic ceramidase) gene was upregulated, whereas the expression of the ASAH2
(neutral ceramidase) gene was significantly downregulated during progression of the
FUS-mediated proteinopathy (p < 0.05, Fischer test) (Fig. 6). The content of mRNAs
for alkaline ceramidases (ACER2 and ACER3) remained unchanged, and no expression
of the ACER1 mRNA was observed in the spinal cord (data not presented).
Analyzing changes in the expression of genes encoding SPH-1-P lyase (SGPL)
(Fig. 7a), SPH-1-P phosphatase 2 (SGPP2) (Fig. 7b ), SPH-1-P kinase 1 (SPHK1) (Fig.
7c), and SPH-1-P kinase 2 (SPHK2) (Fig. 7d), we suggested that the SPH-1-P
degradation by SPH-1-P lyase to the final products ethanolamine phosphate and
hexadecenal was dramatically activated, because expression of the gene encoding SPH1-P lyase was sharply increased. At that, expression of genes encoding phosphatase 2
and kinases 1 and 2 decreases (Fig. 7), which could result in decrease in the content of
these enzymes. Based on these data, we concluded that despite significant increase in
the content of SPH and sphinganine, SPH-1-P metabolism was shifted towards its
degradation (Fig. 7). Moreover, the ratio of SPH-1-P to sphingoid bases considerably
decreased, thus creating conditions for active apoptosis.

DISCUSSION

The mechanisms of motor neuron degeneration in ALS are poorly understood
and the reasons for the ALS onset remain unclear. So far, there are no efficient
approaches for the ALS treatment. However, the latest studies have established that
degeneration of motor neurons in ALS occurs via apoptotic death [5]. Apoptosis is
regulated by various interconnected pathways that eventually result in the programmed
cell death. In addition to the genetic regulation, apoptosis is controlled by free radicals,
death receptors, caspases, proapoptotic proteins of the Bcl-2 family, inhibitors of
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apoptosis proteins (IAPs), tumor suppressor protein p53, tumor necrosis factor-, and
many other apoptosis-associated molecules. Apoptosis can be initiated by the damage to
DNA, mitochondria, and lysosomal membranes. Some of the apoptosis initiation
mechanisms have been observed in the animal ALS models [5, 69-71].
Degeneration of motor neurons caused by mutant superoxide dismutase-1
(mSOD1) was modeled in mSOD1 transgenic mice. During disease progression, these
animals

demonstrated

mitochondria-dependent

apoptosis

associated

with

the

proapoptotic Bax protein translocation the from the cytosol to the mitochondria,
cytochrome c release from the mitochondria to the cytosol, and caspase-9 activation in
the spinal cord [71].
Despite numerous studies on apoptosis, the role of sphingolipids in its
development and regulation has been poorly studied, which might be due to the
diversity of sphingolipid molecules, their complex metabolism, and multi-level control
of their functions, as well as involvement of sphingolipids in virtually all physiological
and pathophysiological processes in the cell. On the contrary, the role of ceramides and
sphingoid bases in the induction of apoptosis has been well understood. SPH can induce
apoptosis by all the above-mentioned mechanisms. In particular, it causes DNA
degradation [54], transmits signals from the tumor necrosis factor- [28-30], induces
oxidative stress, and activates caspases [31, 32] and other apoptosis signaling
molecules. At the same, the role of sphingoid bases in the death of motor neurons in
ALS remains unknown.
Our results demonstrate that ALS development is associated with the
dysregulation of the metabolism of sphingoid bases, including SPH, sphinganine, and
SPH-1-P, mainly in the spinal cord, whereas in the brain structures, the content of these
compounds remains low and does not change with the disease progression. This
correlates well with the fact that mostly motor neurons are damaged in ALS. The ratio
of the anti-apoptotic SPH-1-P to the pro-apoptotic SPH and sphinganine in the affected
tissues is sharply decreased, which indicates pronounced activation of cell death in the
spinal cord structures, but not in the brain.
We also observed that ALS development was accompanied by dysregulation of
the expression of genes encoding enzymes of sphingolipid metabolism mainly in the
spinal cord. Out of four ceramidase genes studied, expression of ASAH1 mRNA (acidic
ceramidase) was upregulated, whereas expression of the ASAH2 mRNA (plasma
membrane neutral ceramidase) was significantly downregulated in the course of FUSmediated proteinopathy progression (Fig. 6). Acidic ceramidase of lysosomes (ASAH1)
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hydrolyzes C10-C14 ceramides with saturated bonds or C18:1 and C18:2 ceramides
with unsaturated bonds. ASAH2 hydrolyzes C16-C22 and C26-C36 ceramides.
Therefore, SPH is generated by the lysosomal ceramidase from ceramides with shorter
fatty acids. The changes in the activity of lysosomal ceramidase can indicate
development of the lysosomal apoptosis. The levels of mRNAs for alkaline ceramidases
(ACER2 and ACER3) remain unchanged, whereas no expression of the ACER1 gene
was observed in the spinal cord. These ceramidases are located in the endoplasmic
reticulum and Golgi complex, i.e., do not participate in the generation of SPH from
ceramides. The sharp increase in the expression of SPH-1-P lyase at the ALS terminal
stage demonstrates exhaustion of the anti-apoptotic reserves of motor neurons and rapid
apoptosis development. The observed upregulation of the SPH kinase gene expression
on the 2nd and 3rd months of ALS development can be explained by the protective
properties of the spinal cord motor neurons. However, these properties are negated by
the rapid cell death at the terminal stage of ALS development at 4 months.
The use of mass spectrometry allowed us to study the differences in the content
of three most important sphingoid bases (which are difficult to analyze by other
methods) and to demonstrate for the first time the involvement of sphingoid bases in the
death of spinal cord neurons during ALS development. Moreover, these data were
obtained using the ALS animal model that closely mimics the sporadic form of ALS in
humans. Deeper understanding of biological pathways regulating metabolism of
different sphingolipids during ALS development can lead to the identification of novel
targets for pharmaceutical preparations, e.g., enzymes participating in the metabolism of
sphingoid bases involved in ALS pathogenesis, such as acidic ceramidase responsible
for the SPH generation. An example of such promising pharmaceutical preparation for
the ALS treatment is the SPH synthetic analog Fingolimod, which is phosphorylated in
the body and displays the effect similar to that of SPH-1-P, the anti-apoptotic metabolite
of sphingolipids [72]. Comprehensive studies of the changes in the metabolism of
sphingoid bases in ALS will facilitate the understanding of pathological aspects of this
disease and promote the development of new drugs for the treatment of this
neurodegenerative pathology.
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Fig. 1. Metabolism of sphingoid bases.
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Fig. 2. Changes in the SPH content in the brain structures and spinal cord during ALS
development in mice.

Fig. 3. Changes in the sphinganine content in the brain structures and spinal cord during
ALS development in mice.

Fig. 4. Changes in the SPH-1-P content in the brain structures and spinal cord during
ALS development in mice.
22

Fig. 5. The level of 3-KSR mRNA in the spinal cord of transgenic (FUS) and control
wild-type (WT) mice in the course of development of the FUS-mediated proteinopathy.
The data are obtained by RNA-Seq analysis and presented as a number of mapped reads
per million of sequenced reads (CPM, counts per million).

Fig. 6. The levels of mRNAs for acidic (ASAH1) (a) and neutral (ASAH2) (b)
ceramidases in the spinal cord of transgenic (FUS) and control wild-type (WT) mice; *
p < 0.05 (Fischer test).
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Fig. 7. Expression of genes encoding enzymes involved in metabolism of SPH and
SPH-1-P in transgenic (FUS) and control wild-type (WT) mice. a) SPH-1-P lyase; b)
SPH-1-P phosphatase; c, d) SPH kinases 1 and 2, respectively; * p < 0.05 (Fischer’s
test).
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