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Abstract Sphingolipids (SL) represent a structurally
diverse class of lipids that are central to cellular phys-
iology and neuronal development and function. De-
fects in the sphingolipid metabolism are typically
associated with nervous system disorders. The C4-
dihydroceramide desaturase (DEGSI) catalyzes the con-
version of dihydroceramide to ceramide, the final step
in the SL denovo synthesis. Loss of function mutations
in DEGSI cause a hypomyelinating leukodystrophy,
which is associated with increased plasma dihy-
drosphingolipids (dhSL) and with the formation of an
atypical SPB 18:1(14Z);O02 metabolite. Here, we charac-
terize two novel DEGSI variants of unknown signifi-
cance (VUS), provide a structural model with a
predicted substrate binding site, and propose a regula-
tory link between DEGSI and fatty acid desaturase 3
(FADS3). Both VUS involve single amino acid sub-
stitutions near the C-terminus within conserved regions
of the enzyme. Patient 1 (p.R311K variant) shows severe
progressive tetraspasticity, intellectual disability, and
epilepsy in combination with brain magnetic resonance
imaging (MRI) findings, typical for DEGSI-related leu-
kodystrophy. Patient 2 (p.G270E variant) presents with
delayed psychomotor development, oculomotor
apraxia, and a normal brain MRI. Plasma from the
p-R3IIK carrier showed a significantly elevated dhSL
species and the presence of SPB 18:1(14Z);02, while the
plasma SL profile for the p.G270E variant was not
altered. This suggests the p.R331K variant is
pathogenic, while the p.G270E appears benign. Bl As an
increase in dihydroSL species is also seen in other
pathological disorders of the SL metabolism, the SPB
18:1(14Z);02 seems to be a more specific biomarker to
discriminate between pathogenic and benign DEGSI
variants.
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Hypomyelinating leukodystrophies are genetic dis-
orders characterized by a primary lack of myelin
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deposition, resulting in an aberrant white matter for-
mation of the brain (1). Mutations in DEGSI have been
described in the context of hypomyelinating leuko-
dystrophy 18 (HLD18) (2—4). Clinically, affected patients
present with severe progressive tetraspasticity, variable
degrees of intellectual disability, no verbal communi-
cation, and epilepsy in most cases.

Sphingolipids (SL) are integral parts of cellular
membranes and essential components of neuronal tis-
sues. Mutations in genes encoding for enzymes involved
in the de novo biosynthesis and the degradation of SL
lead to the accumulation of specific enzyme substrates
or toxic lipid metabolites. Such changes in sphingolipid
profiles may serve as potential biomarkers for diag-
nosing and predicting neurological disorders. Common
neurodegenerative disorders like Alzheimer's disease
(AD), Parkinson's disease (PD), amyotrophic lateral scle-
rosis (ALS), and Huntington's disease have been linked to
altered sphingolipid levels and metabolism (5-13).

Ceramides (Cer) are the central metabolites in the SL
metabolism and the precursor for complex SLs, such as
sphingomyelins and glycosphingolipids. Increased Cer
has been implicated with cell death, cellular stress re-
sponses, senescence, and cell cycle arrest (14). Cer de-novo
synthesis starts in the ER, typically with the condensa-
tion of serine and palmitoyl-CoA by the serine palmi-
toyl transferase (SPT). In addition, SPT can also
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metabolize acyl-CoAs with chain lengths in the range
from Cl4 to CI8, forming SLs with straight and
branched sphingoid bases (SPB) (15). Subsequently, the
de novo formed SPB is N-acylated by a group of cer-
amide synthases (CerS) forming dihydroceramide
(dhCer) and finally converted to Ceramide (Cer) by the
insertion of a A45-trans (A4E) double bond. This last
reaction is catalyzed by the A4-dihydroceramide desa-
turase (DEGSI) (16, 17). The cellular level of dhCer is
maintained at a significantly lower concentration
compared to Cer. Both dhCer and Cer can be trans-
ported to the Golgi apparatus by sphingolipids transfer
proteins, such as ceramide transfer protein (CERT),
four-phosphate adaptor protein 2 (FAPP2), and cer-
amide-l-phosphate transfer protein (CPTP), leading to
the formation of distinct classes of complex sphingoli-
pids, such as sphingomyelin, glycosphingolipids or cer-
amide-1-phosphate (18).

DEGSI plays a crucial role in differentiating dihy-
drosphingolipids from sphingolipids primarily by con-
verting dhCer to Cer. In vitro characterization of DEGS
activity using rat liver microsomes showed the highest
activity towards dhCer, whereas the activity was
reduced towards dihydro-sphingomyelin and absent
with dihydro-glucosylceramide (19). Loss of function
mutations in DEGS!I lead to an increase of dhCer
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species, which are also converted to more complex
sphingolipids, such as dihydro-sphingomyelins and
dihydro-glycosphingolipids. In addition, DEGS] defi-
ciency results in the formation of an atypical sphingo-
lipid metabolite (SPB 18:1(14Z);02), which is formed in a
metabolic bypass reaction, independent of DEGSI ac-
tivity by the fatty acid desaturase 3 (FADS3) (14, 15).
Under physiological conditions, FADS3 catalyzes the
formation of a second A14,15-cis (A14Z) double bond in
the SPB backbone of Cer, predominately downstream
of DEGSI activity, forming the double unsaturated
SAdienine (20) (Fig. 1).

MATERIALS AND METHODS

The study protocol was approved by the Ethics Committee
of the University Hospital Zurich and all patients were pro-
vided with written, informed consent. All experiments were
performed in accordance with the guidelines and regulations
of the Ethics Committee of the University Hospital Zurich
and abide by the Declaration of Helsinki principles.

Genetic testing

DNA was extracted from blood samples of the examined
family members (index patient and parents) and trio exome
sequencing was performed. The amplification of the exome
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Ceramide de novo biosynthesis typically starts with the condensation of serine and palmitoyl-CoA by serine palmitoyl

transferase (SPT) to form 3-ketosphinganine, which is reduced to sphinganine by keto-reductase. Ceramide synthases (CerS) N-
acylate sphinganine to form dihydroceramide. A4-dihydroceramide desaturase (DEGSI) introduces the A4E double bond to form N-
acyl-(A4E)-sphingosine (ceramide) from dihydroceramide. The formation of N-acyl-(A4E, Al4Z)-sphingosine is catalyzed by fatty
acid desaturase 3 (FADS3) that inserts the Al4Z double bond to ceramide. N-acyl-(Al4Z)-sphingosine (SPB 18:1(14Z);02-based cer-
amide) is formed in a bypass reaction of FADS3 in the event of DEGSI deficiency (red arrow).
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was performed using the xGen® Exome Research Panel v1.0
(IDT). After paired-end sequencing (NovaSeq 6000 SI1 Reagent
Kit (300 cycles), 150 fwd-150 rev, Q30-value: 92.9) on a NovaSeq
6000 sequencer (Illumina Inc.), the coding regions of the
currently known genes as well as the exon-intron-boundaries
have been analyzed up to 6 base pairs into the intron (align-
ment: NextGene V24.2.3 (Softgenetics); analysis: NextGene
Viewer V24.2.3 (Softgenetics). DEGSI variant: coverage 133x,
variant allele frequency 100%.

Long-chain base analyses

SL extraction from plasma was performed as described
previously (15). Methanol, 500 pl, containing the internal
standards, 200 pmol d7-sphinganine, and 200 pmol d7-
sphingosine was added to 50 pl plasma. The extraction was
maintained for 1 h at 37°C with agitation at 1400 rpm in a
Thermomixer (Eppendorf, Germany). Proteins were precipi-
tated by centrifugation for 5 min at 16,000 g 500 pl of the
supernatant was collected, and HCI was added to yield a final
concentration of 1.5 M. Lipids were hydrolyzed for 16 h at
65°C. The reaction was neutralized by adding 100 pl of 10M
KOH, and the released long-chain bases were extracted in
625 pl chloroform while maintaining alkaline conditions with
ammonia. The organic phase was washed twice with 0.05%
aqueous ammonia. Hydrolyzed lipids were dried and resus-
pended in 100 pl of reconstitution buffer (70% methanol,
10 mM ammonium acetate, pH 85). Long chain bases were
separated via a reverse-phase CI8 column (Uptisphere, 120 A,
3 pum, 125 x 2 mm; Interchim, France) connected to a QTRAP
6500+ LC-MS/MS System (Sciex, USA). For liquid chroma-
tography, mobile phase A was composed of 10 mM ammo-
nium acetate, 0.2% formic acid in 50% methanol, while 100%
methanol was used for mobile phase B. Chromatography was
performed at a constant flow rate of 400 pl/min, and the
column temperature was held at 50°C throughout. The col-
umn was equilibrated with 35% B, followed by a linear in-
crease over 18 min to 656% B, then B was increased to 100%
over 1 min and held at 100% for 3 min, reduced to 35% B over
0.5 min, and finally re-equilibrated with 35% B for further
35 min. Mass spectra were acquired in multiple-reaction-
monitoring mode, and Skyline was used for data integration
and analysis (21). For the long chain bases the transitions from
precursor m/z to the fragment m/z values corresponding to
two dehydrations from the precursor were used in multiple
reaction monitoring. 1-deoxy log chain bases were detected
from the single dehydration product generated in the ion
source with the distinctive pseudo-MS3 fragment corre-
sponding to C2NH6 at m/z 44.1 (22).

Prediction of DEGSI structure, docking, and
molecular dynamics simulation

The AlphaFold predicted structure AF-O15121-F1 was used
for further in silico processing and analysis (23, 24). Reported
co- and posttranslational protein modifications were intro-
duced (25-27). The first methionine residue was removed, the
residual residues renumbered, and a myristoyl-group
attached to Glyl utilizing the PDF Manipulator Module of
the CHARM-GUI webserver (28). In addition, Ser307 was
phosphorylated using the same webserver, and the structural
model was optimized utilizing the Protein Preparation
Workflow implemented in Maestro (Schrédinger Inc.). In
detail, the protonation of the side chains was adjusted to pH
7.0+2.0, H-bonds were assigned and optimized to address any
overlapping hydrogen atoms and subsequently the full
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structure was optimized by running a restrained minimiza-
tion. A cubic grid with an edge length of 36 A was positioned
at the center of the protein (X: -2, Y: -8, Z: —14) and blind
docking of the prepared C16 ceramide ligand was performed
using the XP mode in Glide (Schrédinger Inc.). The molecular
dynamics simulation was carried out with the Desmond
module (integrated in Maestro) employing a TIP3 water
model, 150 mM NaCl, a temperature of 310 K and an overall
simulation time of 2.5 psec. To mimic the hydrophobic envi-
ronment of the ER membrane, DEGS] with the docked C16
ceramide molecule was positioned in a DPPC model mem-
brane. The position of DEGSI] within the mammalian ER
membrane as well as the thickness of the membrane was
predicted using the PPM3 webserver (29) utilizing the un-
modified AlphaFold model.

Cell viability assay

HAP1 wild type and HAP1 DEGSI1 knockout cells were
plated at 10,000 cells per well in black-walled, clear-bottom 96-
well microplates and supplemented with increasing concen-
trations from 0 to 10 pM of SPB 18:1(14Z);02 (3). The cells were
grown in 100 pl growth medium for 48 h, and cell viability was
evaluated using a luminescent cell viability assay following
the manufacturer's instructions. The cells were cultured in
100 pl growth medium for 48 h, and cell viability was assessed
using a luminescent cell viability assay according to the
manufacturers’ instructions (CellTiter-Glo, Promega). The
luminescence was normalized to the median value of the
vehicle treated wells and analyzed using GraphPad Prism
version 9.5.1.

RESULTS

To date 15 homozygous and compound heterozygous
mutations in the DEGSI gene have been reported to
cause HLDI18 (2-4, 30, 31) (Fig. 2A). The mutations result
either in single amino acid substitutions or in trunca-
tions of the DEGSI protein. All previously reported
mutations were shown to increase dhSL, thereby
altering the dhSL/SL ratio. Here we characterize two
DEGS1 homozygous variants of unknown significance
(p-R31IK and p.G270E) which were associated with two
distinct phenotypes.

The DEGSI pR31IK (c.932G>A) variant was identi-
fied in a 16-year-old girl. She is the first child of healthy
consanguineous parents of Sri Lankan origin. Both
parents are heterozygous carriers of the VUS. The
variant is located in a highly conserved region of
DEGSI (Fig. 2B). The girl was born after an uneventful
pregnancy at term, with a birth weight of 2920 g and
developed normally until the age of 5-6 months when
the failure to thrive began. Tube feeding was initiated
at the age of 15 months. Bulbar dysfunction remained
unchanged over the years and the patient is mainly fed
through a percutaneous endoscopic gastrostomy. Motor
development delay was observed in the first year of
life; tetraspasticity was noted in the second year of life
and became severe during the following years with
orthopedic complications (hip dislocation, club foot,
and severe scoliosis). She is not able to sit unsupported
or to roll over, her head control is limited, and she has

A diagnostic biomarker for HLDI8 3



A

p.M37T  pW107* p.N113R p.R173* p.N189D pNZSSS pAzsov

! p. st4 p. wzsa

p. H132R p.R133W
P.Y202Tfs*8

p.G270E p-R311K

B

PR3K
P.G270E
HUMAN

NS W 293
NS W 293
NS W 293
NS W 293
NS W 293
NS W 293
S S W 293
TS W293
DS W 294

DFPN
DFPN
DFPN
MOUSE D F P N
BOVIN DFPN
CHCK DFPN
XENTR DFPS
DROME D F P A
CAEEL DFPY

FEEEREE R
PEOOOOOME
CORRARRRR
Z22Z00z000
FrFErEREC
AEEEREEE R
AmME-cZe-c
<<<<<K<<<<
BEADRDDD DD
mMDXRRXRRR
>>>>>>>>>
VTEXPB>>>0>> >
mmmmmmmmm
<TM<K<<K<<<=<
<< << << <<=
OOOUDDDODOUOO
o-vzzozzz
SErrrrec-
FEEREEEEE
H4oXpITIIII
IIK<<<<<=<

PR3
p.G270E
HUMAN
MOUSE
BOVIN
CHICK
XENTR  V

DROME T
CAEEL V

OIRXRXRXR
T<<<<<<<<
ErrrrroEs
P << << <
oocooooooo
LR
—-<<<<<<<
nEEE4-42==
zoooooooo
vT00O00O000
R R
B<r——————
400V OO OB o
R R EEE R
DK< << <
x> 0000000
EEEEEEEE T
-<z=z=zzz==
AXAXARAXR
EEEEEEEEE
XIROITVIIIT
<prrrup0o
PARRXRARRRR
00000000

Cytosol

Ala280

Arg133

“His132 Met37

< —

Gly270
Asn255
sn189

‘A§n113

Membrane

ER Lumen

Fig. 2. A:Schematic representation of the DEGSI protein (UniProt ID O15121) displaying known variants of HLDIS8 (red lines). The
new DEGSI variants are depicted in grey (Patient 1, p.R311K and Patient 2, p.G270E). Putative transmembrane domains are depicted
in blue. B: DEGSI protein alignment of the C-terminal sequence containing the conserved amino acids mutated in the variants
p.G270E and p.R31IK (green and yellow). C: the location and clustering of single amino acid substitutions leading to HLDI8 and the
new DEGS]I variants within the predicted protein are shown. The dotted lined circle describes a sphere with a radius of 15 A. Most
variants are confined within the sphere as determined by the distance of the amide nitrogens to the nearest atom of the ceramide
ligand, the space-filling model in green. Myr: myristoyl anchor at GlyL

flexion contractures of the extremities and a positive
Babinski sign. Since the age of 22 months she suffers
from pharmacoresistant generalized epilepsy. Her head
circumference became microcephalic in the second
year of life and has remained 0.5-1 cm below the third
percentile to this day. She is alert, maintains eye contact
and smiles at speech, but cannot speak. Extensive lab-
oratory investigations and a nerve conduction study
were done in the second year of life without abnor-
malities. Magnetic resonance imaging (MRI) of the
brain was done at 11 months, 24 months (not shown),
and 11 years. It showed dysmyelination and hypo-
myelination with some progression in the follow up, a
thin corpus callosum, and mild atrophy of the cere-
bellum and thalami over the years (Fig. 3A-D). The
p-R31IK variant in DEGSI has not yet been described as
pathogenic in the literature or mutation databases. The
reported minor allele frequency at the gnomAD data-
base is 0.0004015% with no homozygous reports.

The second VUS (p.G270E) was identified in a two-
year-old girl born to healthy parents from Somalia.
Parents are consanguineous (cousins first order) and
heterozygous carriers of the variant. Whole-exome
sequencing showed a homozygous variant of uncer-
tain significance in the DEGSI-gene (NM_003676.3).
The variant changes a highly conserved glycine to
glutamic acid (p.G270E) and is not represented in the
normal population (e.g. gnomAD database). The girl has
four older siblings, all with normal development. She
was born after 41 weeks of gestation with a birth weight
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of 3500 g She was referred to a pediatric neurologist at
the age of 7 months, because of delayed psychomotor
development. At that age she could not turn her body
around, it was hard to get eye contact and she was
diagnosed with oculomotor apraxia. At one year of age
she was able to sit without support. At 2.5 years of age
she was still not able to walk independently. She also has
tremor/ataxia in the head, neck and trunk, fine motor
deficits and significant speech delay. Metabolic stan-
dard screening and genomic microarray were normal.
MRI of the brain at 15 months was normal.

Structural modeling/docking of DEGSI and location
of mutated residues

To investigate the potential structural consequences
of DEGSI mutations on protein conformation and
substrate binding, we employed structural modeling
and docking simulations. In the absence of an exper-
imentally determined three-dimensional structure of
DEGS], we used a predicted structural model with a
high level of confidence for identifying a potential
substrate-binding site (supplemental Fig. S1). Based on
the cellular location (3, 25, 32), we predicted the
arrangement within the ER membrane (supplemental
Fig. S2). According to the prediction, the lower, more
hydrophobic half of the protein is located within the
membrane, whereas the upper, more hydrophilic part
is exposed to the cytosol. The myristoyl group at the N-
terminal Gly (25, 27) stabilizes the overall orientation
of the protein within the membrane. The Cer

SASBMB



Fig.3. Sequential brain MRI of patient 1: Axial T2-weighted image at the age of 11 months (A) and 11 years (B) respectively showing
insufficient myelination (A) (arrow), progressive myelination (B) (arrow) and atrophic thalami (B) (asterisk). Sagittal T2-weighted
image at the age of 11 months (C) and 11 years (D) respectively with thinning of the corpus callosum (arrowhead) and cerebellar

atrophy (triangle).

18:1(4E);02/16:0, that we used as a proxy-ligand is
guided to the active site via a hydrophobic tunnel and
is stabilized via hydrogen bonds between the polar
head group of the ceramide and the residues His128/
Glu232 (Fig. 2C, supplemental Figs. S2, and S3). Inter-
estingly, while located at the anticipated active site of
DEGSI, the hydrocarbon chains of the ceramide
mostly remain confined within the membrane. On the
other hand, the predicted active site appears to be
accessible for potential cytosolic co-factors, such as Fe-
ions. A 2500 ns molecular dynamics simulation
confirmed the accessibility of the active site for water
molecules and indicated a stable DEGSl-ceramide
complex despite highly flexible hydrocarbon chains
(see supplementary DOI 10.5281/zenodo.8268302).

SASBMB

Using this model, we mapped the precise locations of
known HLDI8 mutations within the DEGSI protein
(Fig. 2C). Most mutations cluster around the antici-
pated substrate-binding site, while two residues,
Ala280 and Met37, are positioned on the periphery of
the protein's cytosolic face. The residues at Arg311 and
Gly270 both lie within the sphere with a radius of 15 A
as determined by the distance of the amide nitrogens
to the nearest atom of the ceramide ligand. It is note-
worthy that the substitution of Arg31l with Lys in the
p-R311K variant led to a reduction in DEGSI activity.
This reduction could be attributed to a steric hin-
drance caused by Lys31l during enzyme catalysis.
Despite Gly270 being in close proximity to the cer-
amide ligand, substituting it with Glu in the p.G270E

A diagnostic biomarker for HLD18 5
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variant did not significantly diminish DEGSI activity,
as revealed by the SPB analysis (Figs. 4 and 5).

Lipid analysis

DEGSI deficiency results in increased dhSL levels
and an increased dhSL/SL ratio. To determine the
metabolic effects of the pR311K and p.G270E variants
on the SL formation, we analyzed the plasma sphingoid
base profile of the patients in comparison to healthy
controls (Figs. 4 and 5). As dhSL are typically minor and
show a mass overlap with several isobaric species (e.g.
18:0,02/24:1 vs. 18:1,02/24:0), a direct analysis of dhSLs
by mass spectrometry is difficult. We therefore
simplified the analysis by subjecting the extracted lipids
to chemical hydrolysis prior analysis. During hydrolysis
conjugated headgroups and N-acylated fatty acids are
removed, resulting in the release of the free SPB
backbone. In this way, total dhSLs are converted to
sphinganines whereas total SL are converted to sphin-
gosines. Using this approach results in losing the fine
structural information of the various complex sphin-
golipids. Nevertheless, differences in the SPB structures
are better resolved than in complex lipid mixtures. In
particular, novel SPB forms are detected more likely
than it would be the case in complex lipid mixtures.
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The SPB analysis of Patient 1, carrying the p.R311K
variant showed significantly elevated SPB 18:0;02 levels
compared to healthy controls, whereas total SPB
18:1(4E),02 levels were reduced (Fig. bA, B). Conse-
quently the SPB 18:0;,02 to SPB 18:1(4E);O2 ratio was
significantly increased, which is in agreement with
previous reports of reduced DEGSI activity (Fig. 5C). In
addition, we detected the atypical metabolite SPB
18:1(147);02, which is isomeric to SPB 18:1(4E)O2 but
eluted with an about 18 min shorter retention time
(Fig. 4). In comparison to the previously reported
p-A280V variant, the increase in dhSL as well as in SPB
18:1(14Z);02 was less pronounced for the p.R311K, indi-
cating that the p.R311K mutant retained higher residual
activity than p.A280V (Fig. 5A, D).

On the other hand, patient 2 carrying the p.G270E
variant showed a modest change in plasma SPB 18:0,02
levels and minimal increase in the SPB 18:0;02/
18:1(4E);02 ratio relative to controls (Fig. 5C). Although
a statistical significance could be calculated for
increased SPB 18:0;02 levels and a higher SPB 18:0,02/
18:1(4E);O2 ratio, the differences to the control samples
are small and do not explain the clinical presentation of
Patent 2, carrying the p.G270E variant. Furthermore,
the SPB 18:1(14Z);02 was not detected in the plasma of
the p.G270E carrier, and the chromatogram was

SPB 18:1(4E);02

—— p.A280V
—— p.R311K
p.G270E
Ctrl 1-19

4.0 6.0 8.0

10.0 12.0 14.0 16.0

Retention Time (min)

Fig. 4. Chromatographic separation of the SPB 18:1(14Z);02 and SPB 18:1(4E);O2 isomers, resulting from the hydrolysis of complex
sphingolipids. SPB 18:1(14Z);02 is detected in plasma of patients with the p.A280V and p.R311K DEGSI variants, but absent in the
p-G270E variant and unrelated control plasma obtained from 19 individuals (Ctrl 1-19).
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p-A280V, and of 19 unrelated controls. D: The levels of SPB 18:1(14Z);02 detected in plasma of the DEGSI variants p.G270A, p.R311K
and p.A280V, and of 19 unrelated controls. SPBs shown are the reaction products from the hydrolysis of complex sphingolipids. Data
are shown as mean + SD (error bars), n = 3 for the DEGSI variants p.G270E and p.R311K, Average values of 19 unrelated control
samples generated from three or four technical replicates each and n = 9 for the DEGSI variant p.A280V from 3 biological replicates,
Mann-Whitney testing; **P < 0.001; **P = 0.001, *P < 0.05; ns, not significant.

indistinguishable from the profile of further 19 sam-
ples of unrelated healthy controls (Figs. 4 and 5D).
Hence, the emergence of SPB 18:1(14Z);02 in plasma
samples could signify a distinctive metabolite exclu-
sively found in HLD18 patients.

The double bond at Al4Z is introduced by FADSS3,
and the desaturase can function either upstream or
downstream of DEGSI in the sphingolipid biosynthetic
pathway (20). To explore a potential interplay of DEGSI
deficiency on FADS3 expression, we assessed the
expression levels of FADS3 in HAP1 DEGSI knockout
cells. Interestingly, we detected a significant increase in
FADS3 expression in the DEGSI knockout cell line,
suggesting a regulatory connection with DEGSI activity
(Fig. 6A). Furthermore, when comparing the DEGS1
knockout cell line to wild-type cells, no significant dif-
ference in SPB 18:1(14Z);02-induced cytotoxicity was
observed. This suggests that the cytotoxicity of SPB
18:1(14Z);,02 is not dependent on DEGSI activity
(Fig. 6B).
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DISCUSSION

In this study, we reported two patients present-
ing with two different clinical phenotypes and two
new homozygous variants in the DEGSI-gene,
p-R31IK and p.G270E respectively. MRI of patient 1
carrying the p.R311K variant showed the typical
findings of hypomyelination with relative preser-
vation of the subcortical white matter, improve-
ment in myelination over time, thin corpus
callosum, and atrophy of the cerebellum and the
thalami (Fig. 3). Both the clinical symptoms such as
severe  progressive tetraspasticity, intellectual
disability, and epilepsy, as well as the imaging
findings, are identical to the published cases with
HLDI18 (4). The sphingolipid analysis revealed an
increase in dhSL in the plasma of patient 1, as well
as elevated levels of the atypical metabolite SPB
18:1(14Z7);02 that is consistent with earlier reports
of a reduced DEGSI activity.
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Fig. 6. A: FADS3 expression in HAP1 DEGSI knockout cells. mRNA levels of FADS3 and DEGSI were measured by quantitative real-
time PCR in wild type (blue dots) and DEGSI knockout cells (red dots). Values were normalized to GAPDH expression and calculated
as fold change relative to wild type cells. Data are shown as median + SD (error bars), n = 4, Mann-Whitney testing; *P < 0.05. B: Wild-
type HAP1 and DEGSI knockout cells were plated in 96-well cell culture plates and supplemented with increasing concentrations of
SPB 18:1(14Z);02 (0-10 pM). Cell viability was assessed after 48 h incubation time, luminescence was normalized to vehicle-treated

cells. Data are shown as mean + SD (error bars), n = 4.

The clinical presentation of patient 2 carrying the
p.G270E variant is completely different. The clinical
symptom of psychomotor delay is unspecific and ocu-
lomotor apraxia was not reported with HLDI8 in pub-
lished case series (3, 4). This patient has neither a
myelination deficiency nor an abnormal corpus cal-
losum, which would support the diagnosis of HLD18.
There is no cerebellar anomaly and no molar tooth sign
on MRI, which would support the presumptive clinical
diagnosis of Joubert syndrome. Unfortunately, no
diagnosis can currently be made for patient 2. In
contrast to patient 1, dhSL and the dhSL/SL ratio were
normal in the plasma of patient 2 and the metabolite
SPB 18:1(14Z);02 could not be detected. This, in combi-
nation with the distinct clinical presentation and the
normal brain MRI of patient 2 suggests that the
p-G270E variant is benign and likely not the cause for
the neurological symptoms.

Based on the structural model of the DEGSI protein
with the mapped disease-causing mutations, one can
speculate that the dysfunction of DEGSI in HLDIS is
mediated either by altered substrate binding or by
alternative reasons such as protein stability, mis-
localization, or varied posttranslational modifications.
Indeed, most of the known residues affected by
missense mutations, including the residue Arg3ll, clus-
ter in close spatial proximity to the predicted active site
or the binding tunnel (Fig. 2C). Mutations near the
substrate-binding site or near the catalytic site are likely
to interfere sterically with ceramide binding or the
catalytic activity. It is worth emphasizing though that
protein structures are highly dynamic, and the struc-
tural impact of missense mutations is often difficult to
deduce. Two of the HLDI18-causing mutations, p.A280V
and pM37T, reside more distant to the putative
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ceramide binding site, near the protein surface at the
cytosolic side. The peripheral location within the pro-
tein is unlikely to interfere directly with the substrate
binding. This is underpinned by the fact that the Arg3I1
mutated to Lys (R311K) renders DEGSI dysfunctional,
while Gly270 mutated to Glu (G270E) does not seem to
affect protein function. Notwithstanding, mutations at
the residues Ala280 and Met37 have severe metabolic
consequences, indicating that these residues are
involved in alternative cellular events, such as protein-
protein interactions or interference with previously
described DEGSI protein phosphorylation or glycosyl-
ation (26, 33).

Elevated plasma dhSL and an increase in the dhSL/
SL ratio can be used as a biomarker to distinguish
benign from disease-causing DEGSI variants. However,
increased dhSL/SL levels are also found in other con-
ditions unrelated to DEGS] deficiency. dhSL are
generally elevated under conditions of an increased SL
de-novo synthesis, such as in the presence of SPT gain of
function mutations causing ALS (9, 34) or with CerTra
syndrome, a neurological syndrome caused by
increased activity of the ceramide transporter CERT
(35). Therefore, an elevated dhSL/SL ratio alone may
not be specific for HLDI8. A nongeneric biomarker in
this respect would be the atypical metabolite SPB
18:1(147);02. This metabolite is only formed under
conditions of DEGSI deficiency and so far was only
detected in the context of a DEGSIl-related hypo-
myelinating phenotype. Therefore, SPB 18:1(14Z);02 is
likely a more specific lipid biomarker for the diagnosis
of HLDI18.

Whether the increased dhSL/SL ratio or the pres-
ence of SPB 18:1(147);02 metabolite or both are related
to the underlying pathomechanism is currently not
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clear. Higher dhSL levels have adverse effects on
cellular development. In Drosophila, a role of the DEGSI
orthologue ifc in promoting intraluminal vesicle for-
mation was reported to be associated with an increased
dhCer/Cer ratio and correlated with reduced exosome
secretion (36). In the CNS, exosomes are released from
oligodendrocytes and may contribute to the formation
of the myelin sheath (37). A reduced exosome secretion
due to an altered dhCer/Cer ratio might therefore
contribute to the myelination defect observed in
HLDI1S.

The myelin sheath is particularly rich in sphingoli-
pids that are hydroxylated at the second carbon of the
N-linked fatty acids (38). This hydroxylation reaction is
catalyzed by the fatty acid 2-hydroxylase (FA2H) (39).
FA2H deficiency leads to leukodystrophy and heredi-
tary spastic paraplegia in humans (40-42) and FA2H
deficient mice show an initially normal myelin forma-
tion but leukodystrophy phenotype at a later age (43).
Also, mutations in the alkaline ceramidase 3 (ACERS3)
cause leukodystrophy (44). ACER3 is a ceramide hy-
drolase and is involved in the remodeling of the N-acyl
chain. This indicated that even minor changes in the
structure of certain SL species are associated with
myelination defects. This typically requires a specific
lipid composition that enables membranes to form the
required curvature. The formation of myelin therefore
depends on a defined combination of membrane lipids.
Increased dhSLs might influence the biophysical
properties of the glia membrane. Lipids with a cis
double bond such as SPB 181(14Z);02 significantly
affect the lateral assembly, fluidity and integrity of the
lipid membranes due to the bended alkyl chains, which
might disturb the myelination process.

The desaturase FADS3 can introduce the Al4Z dou-
ble bond in dihydroceramides species, or downstream
of DEGSI activity to form dienine ceramides (20, 45).
FADS3 also inserts the Al4Z double bond to 1I-
deoxySLs, non-canonical toxic forms of SLs found in
inherited and metabolic disease conditions (20, 46-49).
FADS3 has been associated with conferring cellular
detoxification effects, since FADS3 overexpression al-
leviates 1-deoxy-sphinganine toxicity (46). Based on the
data on 1-deoxySL, one would expect increasing FADS3
expression to counteract dihydroceramide induced
toxicity in these cells. To address this conjecture we
tested the expression levels of FADS3 and the cyto-
toxicity of SPB 18:1(14Z);02 in DEGSI deficient HAP1
cells. We found increased FADS3 levels in DEGSI™/~
cells, confirming the hypothesis (Fig. 6A). Additionally,
we observed a similar sensitivity to SPB 18:1(14Z),02
supplementation in DEGSI™’~ cells and wild-type cells
(Fig. 6B). This indicates that a conversion of SPB
181(14Z),02 to SPB 18:2(4E]14Z);02 by DEGSI is not
required to counteract cytotoxic effects of SPB
18:1(147);02. The introduction of a Al4Z double bond
into saturated ceramides, like 1-deoxy-sphinganines and
dihydroceramides, may be sufficient to mitigate their
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cellular toxicity. Consequently, FADS3 could represent
a promising pharmacological target for intervention in
dysregulated dihydroceramide metabolism.

Myelin formation is a complex process involving the
wrapping of multiple layers of membranes around an
axon. Within this process, gangliosides, in particular
GDla and GT1b, act as ligands for the myelin-associated
glycoprotein (MAG, Siglec-4). MAG plays a role in
initiating myelination and maintaining the interaction
and spacing between myelin and axons by binding (50).
It is possible that an increased proportion of dihy-
drosphingolipids in the ganglioside receptors could
disrupt the interaction with MAG. This disruption may
occur due to changes in the way the glycosyl-head
groups are presented to MAG, potentially leading to
dysfunctional myelin formation.

Very recently, DEGS] was described as being
enriched in mitochondria-associated endoplasmic re-
ticulum membrane (MAM) and required for MAM
integrity and function (51). A disrupted functionality of
MAM and the associated SL dysfunction induced by
deficient DEGSI affected further phospholipid and
cholesterol ester biosynthetic pathways, shedding light
on the complexity of the underlying pathogenesis of
HLDI18.

The homozygous deletion of DEGSI in mice resulted
in lethality with incomplete penetrance (52). Surviving
homozygous mice showed a highly increased dhCer/
Cer ratio associated with severe metabolic and neuro-
logic disturbances. Interestingly, the heterozygous lit-
termates were healthy and showed no neurological
phenotype. Instead, the heterozygous mice were resis-
tant to glucocorticoid- and high-fat diet-induced dia-
betes and showed improved insulin sensitivity. The
relationship between reduced DEGSI] activity and
improved glucose tolerance was further confirmed in
subsequent studies (53, 54). However, other reports
indicate that elevated dhCer levels were associated with
a higher risk for type-2 diabetes in two cohorts (55).
Nevertheless, reducing DEGSI activity is discussed as a
novel therapeutic option for the treatment of cardio-
metabolic diseases (56). Given the mutual relationship
between reduced DEGSI activity and myelination de-
fects, caution must be taken with such an approach (45).
A partial DEGSI inhibition might indeed have benefi-
cial metabolic effects but reducing activity to the extent
seen in HLDI8 patients will very likely cause adverse
effects. Whether DEGSI activity can be tailored by a
pharmacological approach that results in a clinically
relevant and improved metabolic profile in humans
remains to be demonstrated.

Data Availability

The structure of the DEGSIl-ceramide complex as
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