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Sphingolipids are a diverse family of lipids with critical structural and signalling functions in the mammalian ner-
vous system,where they are abundant inmyelinmembranes. Serine palmitoyltransferase, the enzyme that catalyses
the rate-limiting reaction of sphingolipid synthesis, is comprised of multiple subunits including an activating sub-
unit, SPTSSA. Sphingolipids are both essential and cytotoxic and their synthesis must therefore be tightly regulated.
Key to the homeostatic regulation are theORMDLproteins that are bound to serine palmitoyltransferase andmediate
feedback inhibition of enzymatic activity when sphingolipid levels become excessive.
Exome sequencing identified potential disease-causing variants in SPTSSA in three children presenting with a complex
formofhereditary spastic paraplegia. Theeffect of these variants on the catalytic activity andhomeostatic regulationof
serine palmitoyltransferase was investigated in human embryonic kidney cells, patient fibroblasts and Drosophila.
Our results showed that two different pathogenic variants in SPTSSA caused a hereditary spastic paraplegia resulting in
progressive motor disturbance with variable sensorineural hearing loss and language/cognitive dysfunction in three
individuals. The variants in SPTSSA impaired the negative regulation of serine palmitoyltransferase byORMDLs leading
to excessive sphingolipid synthesis based on biochemical studies and in vivo studies in Drosophila.
These findings support the pathogenicity of the SPTSSA variants and point to excessive sphingolipid synthesis due to
impaired homeostatic regulation of serine palmitoyltransferase as responsible for defects in early brain development
and function.
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Introduction
Sphingolipids (SLs) are crucial structural and functional compo-
nents of membranes as well as potent signalling molecules.1,2

Neurological disorders associated with lysosomal enzymes re-
quired for SL degradation have been known for decades and in-
clude Gaucher disease (GBA), Tay-Sachs disease (HEXA), Krabbe
disease (GALC), Farber disease (ASAH1) and Niemann-Pick dis-
ease type A/B (SMPD1). More recently, disorders resulting from
mutations in SL biosynthetic genes have been discovered. Such
mutations affecting SL biosynthesis have been mostly linked to
serine palmitoyltransferase (SPT).3,4 SPT catalyses the initial
step in SL biosynthesis, condensation of L-serine with an
acyl-CoA to form a sphingoid or long-chain base (LCB)
(Fig. 1A).5–7 SPT activity is tightly regulated to ensure adequate
SL synthesis while preventing excess, potentially toxic, SL accu-
mulation.8–10

SPT is a multisubunit enzyme that resides in the endoplasmic
reticulum (ER) membrane. The SPTLC1 (SPT long chain base
subunit-1) subunit dimerizes with either SPTLC2 or SPTLC3 to
form the active site. The SPTLC1/SPTLC2 and SPTLC1/SPTLC3 het-
erodimers have low basal catalytic activity that is stimulated
>25-fold by either of two small proteins, SPTSSA (SPT small sub-
unit A) or SPTSSB.11 Recent cryogenic-electron microscopy
(cryo-EM) studies revealed that SPT is a dimer of SPTLC1/
SPTLC2/SPTSSA heterotrimers.12–14 SPT is negatively regulated
by ORMDL proteins, a family of three homologous and functional-
ly redundant proteins that bind to and regulate SPT by feedback
inhibition.15–17 Cryo-EM structures of the tetrameric SPTLC1/
SPTLC2/SPTSSA/ORMDL3 complex, similarly organized in a high-
er order dimer (Fig. 1B), have also been reported.12–14 The presence

of multiple SPT isozymes organized in higher order structures
points to a previously unappreciated complexity in the commit-
ted step of SL synthesis.

Among the pathogenic variants in SPT that cause neurological
disease aremutations in SPTLC1 and SPTLC2 that compromise ami-
no acid substrate selectivity. Whereas wild-type (WT) SPT is highly
selective for serine, SPT composed of themutant SPTLC1 or SPTLC2
subunits also condenses alanine and glycinewith palmitoyl-CoA to
generate atypical deoxy-SLs associated with hereditary sensory
neuropathy type 1 (HSAN1)18–22 and macular telangiectasia type
2.23 More recently, pathogenic variants in SPTLC1 causing child-
hood amyotrophic lateral sclerosis (ALS) were discovered.10,24

These variants impair ORMDL-mediated feedback regulation of
SPT causing excessive SL synthesis.10

Here, we report three individuals with disease-causing
variants in SPTSSA, two with a de novo variant (p.Thr51Ile,
SPTSSAT51I) and one with a homozygous variant (p.Gln58A
lafsTer10, SPTSSA58fs). The individuals developed a complex
form of hereditary spastic paraplegia (HSP) associated with pro-
gressive motor impairment and spasticity and variable lan-
guage/cognitive impact. We investigated the functional impact
of the SPTSSA variants on SL biosynthesis and its homeostatic
regulation. Similar to the ALS-causing pathogenic variants in
SPTLC1, the SPTSSA variants impaired ORMDL regulation and
caused excessive SL synthesis. Excessive SL synthesis in a
Drosophila model caused severe neurological defects and shor-
tened lifespan. In summary, the data indicate that the SPTSSA
variants are causative and provide a mechanistic understanding
of the elevated SL synthesis that underlies progressive neurode-
generative disease.
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Materials and methods
Clinical studies

Research was performed in accordance with ethical standards of
the responsible committees on human experimentation. Proper in-
formed consent was obtained for all probands in this study. The
Undiagnosed Disease Network (UDN) work, including clinical
work, and coordination for this publication, was performed under
NIH IRB protocol 15-HG-0130, MGH IRB Protocols 2012P000132 and
2007P002248, and the Duke University IRB protocol Pro00056651.
The exome sequencing and the skin fibroblasts studies on Patient
3 were approved by the Hadassah Medical Center review board.

Plasmids

Plasmids for expression of SPTLC1 and SPTLC2 were purchased
from OriGene. Plasmids for expressing NubG-HA-tagged SPTSSA
and NubG-HA-tagged human ORMDL3 were described previous-
ly.11,25 Variants in human SPTSSA were introduced by
QuikChange mutagenesis (Agilent).

Antibodies

Antibodies for detecting SPTLC1 (BD Biosciences, #611304),
SPTLC2 (Protein Tech 51012-2-ap), ORMDLs (EMD Millipore
ABN417), GAPDH (Santa Cruz SC-47724), Calnexin (Santa Cruz
SC-11397), HA (Anti-HA.11, BioLegend) and FLAG (Origene,
#TA180144) were commercially available. The SPTSSA antibodies
were generated by Vivitide using two peptides (MAGMALARAW
KQC and CQHIMAILHYFEIVQ). Subsequent characterization re-
vealed that the antibodies recognize only the C-terminal epitope
of SPTSSA.

Cell culture and heavy serine labelling

Fibroblasts were obtained and expanded from patient skin biopsies
according to published protocols.26 The human embryonic kidney
(HEK) 293 SPTSSA knockout (KO) cells were generated using a kit
(KN409747, Origene). Cells were labelled with 3,3-D2 L-serine
(Cambridge Isotope Laboratories) as previously described.10

Drosophila stocks, maintenance and generation of
human UAS-single chain SPT and UAS-ORMDL3
transgenic fly lines

Drosophila strains were cultured on standard food at 25°C. The
da-Gal4 (#5460), Act-Gal4 (#4414), elav-Gal4 (#458), repo-Gal4 (#7415),
Mef2-Gal4 (#27390) and SPARC-Gal4 (#77473) lines were obtained
from the Bloomington Drosophila Stock Center (BDSC).

HumanUAS-scSPT andUAS-ORMDL3 lineswere generated as de-
scribed.27 In brief, the human cDNA sequences were cloned into
pGW-UAS-HA.attB vector28 for injection into embryos and insertion
into the VK37 (BDSC #24872) or VK33 (BDSC #24871) docking site by
φC31 mediated transgenesis.29 The human ORMDL3 clone
(NM_139280.1) was from Ultimate ORF Clones (ThermoFisher).
The SPT single-chain fusion cDNA clone was generated as de-
scribed.30 The SPTSSA T51I and H59L mutations were introduced
into the single chain SPT (scSPT) using Q5 site-directed mutagen-
esis (NEB). A UAS-Empty line, generated by injecting pGW-
UAS-HA.attB, was used as a control.

SPT assay

Microsomes were prepared from yeast, HEK cells and fibroblasts as
previously described.31 Reactions were initiated by adding 100 μg of

Figure 1 SL biosynthesis andHSP-causing variants in the SPTSSA subunit of SPT. (A) SPT catalyses the first and rate-limiting step of sphingolipid syn-
thesis, the condensation of serinewith an acyl-CoA (typically, palmitoyl-CoA) to generate the sphingoid base, 3-KDS, which is furthermodified to form
the complex family of SLs. SPT is feedback inhibited by the ORMDL proteins. The dihydroceramide-based SLs [dihydroceramide (dhCer), dihydrohex-
osylceramide (dhHexCer) and dihydrosphingomyelin (dhSM)] do not usually accumulate to appreciable levels, but excessive SPT activity results in sig-
nificant elevation of these SLs. (B) The SPT/ORMDL3 complex is a dimer of SPTLC1/SPTLC2/SPTSSA/ORMDL3 tetramers. The enlarged image
(right) shows that Thr51 of SPTSSA is in close contact with the luminal end of the first (of four) transmembrane domain (TM1) of ORMDL3. (C)
Pedigrees showing de novo occurrence of the heterozygous SPTSSA p.Thr51Ile variant in two families and the inherited p.Gln58AlafsTer10 variant in
the third family. Filled symbols denote probands; dots in the centre of the circle or square denote carriers. (D) Thr51 (indicated by triangle) of the evo-
lutionarily conserved SPTSSA subunit is located at the luminal end of the single transmembrane domain (TMD).
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microsomal membrane to a reactionmix containing 50 mMHEPES,
pH 8.1, 50 μMpyridoxal 5′-phosphate, 25 μMpalmitoyl-CoA, 2.5 mM
serine and 20 μCi of 3H-serine.Where indicated, a BSA-C8-ceramide
(Avanti) complex32 was added. After 10 min, the reaction was pro-
cessed as described.31

ORMDL siRNA transfection

HEK SPTSSA KO cells were transfected with plasmids expressing
WT or mutant SPTSSAs along with ‘Silencer’ select siRNAs,
ORMDL1 (s41258), ORMDL2 (s26474), and ORMDL3 (s41260) or nega-
tive control siRNA (4390847) (ThermoFisher).

Immunoprecipitation and immunoblotting

Cells were lysed by sonication in 50 mM NaCl, 25 mM Tris-HCl pH
7.5, 1 mM EGTA, 10% glycerol, 0.3%, NP-40, 0.3% deoxycholate and
0.03% SDS with protease and phosphatase inhibitors (Sigma
Aldrich). Proteins were resolved on NuPAGE Gels (NP0336,
ThermoFisher) and transferred to nitrocellulose. For IPs, HEK
SPTSSA KO cells co-expressing SPTLC1-Flag, SPTLC2 and either
HA-tagged WT and untagged SPTSSAT51I or untagged WT and
HA-SPTSSAT51I were collected, washed with PBS and lysed by son-
ication in 50 mMHEPES, pH 8.0, and 150 mMNaCl with protease in-
hibitors at 4°C. Following solubilization with 1% GDN for 2 h,
samples were centrifuged at 22 000g for 45 min, anti-Flag beads
(Sigma) were added to the supernatant and incubated overnight
at 4°C. Following four washes with buffer containing 0.01% GDN
and elution with 200 μg/ml Flag peptide, proteins were
detected by immunoblotting using the Odyssey system (LI-COR).

Quantitative real-time PCR

RNA from fibroblasts was extracted with the mirVana™ miRNA
Isolation Kit (Invitrogen, AM1560) and cDNA was generated with
the Applied Biosystems™ High-Capacity cDNA Reverse
Transcription kit. RT-qPCR was conducted with TaqMan primers
(SPTSSA, ID: Hs00370543_m1 or ACTB, ID: Hs01060665_g1) and the
TaqMan™ Gene Expression Master Mix using the QuantStudio 6
Flex real time PCR system (ThermoFisher). The 2−ΔΔCT method33

was used to calculate relative gene expression using actin as the in-
ternal control.

High performance liquid chromatography and mass
spectrometry analysis

TwoDrosophila larvae (late third instar) homogenized in TBS, serum
(20 μl) or cell pellets (0.1–0.2 mg) were added to 1 ml methanol
containing internal standards (Avanti, LM6002). Extraction,
analysis and quantification of SLs by LCMS (liquid
chromatography-mass spectrometry) were as described.10

Drosophila negative geotaxis climbing and lifespan
assays

To measure negative geotaxis, flies were tapped to the bottom of a
vial and their climbing distances were measured after 30 s. For the
measurement of lifespan,34 freshly eclosed flies were collected in
separate vials and maintained at 25°C. Flies were transferred daily
to fresh food for 6 days and every other day thereafter. Survival was
determined during transfer. The results are presented as Kaplan–
Meier curves.

Statistical analysis

Statistical analyses were carried out using the Student’s unpaired
two-tailed t-test for comparison of two groups. Multiple compari-
sons within the group were tested against the corresponding con-
trol. Kaplan–Meier survival curves were analysed using the
Gehan–Breslow–Wilcoxon test and log-rank test. Calculated P-va-
lues of less than 0.05 were considered significant. All comparisons
were significant (P< 0.05) unless noted as ns (not significant) in the
figures. All statistical analyses were performed using GraphPad
Prism, version 9.0.2 (GraphPad Software).

Data availability

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.

Results
Pathogenic SPTSSA variants lead to progressive
motor dysfunction in children

Genetic analysis

Three individuals from three separate families with raremutations
in SPTSSA were identified through the Undiagnosed Disease
Network (UDN) and international collaboration. Two of the affected
individuals had the same de novo monoallelic variant and the third
had an inherited biallelic variant. Genotype and clinical features
are summarized in Fig. 1C and Table 1. Patients 1 and 2 both had
a heterozygous de novo SPTSSAT51I variant, absent from the popula-
tion databases. The Thr51 residue of SPTSSA is highly conserved
(Fig. 1D) and in silico analysis [PolyPhen-2 score of 0.999 (http://
genetics.bwh.harvard.edu/pph2/index.shtml)] indicates that its
substitution with isoleucine is likely to be protein damaging.
Patient 3 harboured a homozygous frameshift variant, SPTSSA58fs.
This 2-nucleotide deletion, in the second (of two) exon of SPTSSA,
is predicted to result in substitution of the C-terminal 14 amino
acidswith 10 out-of-frameamino acids. This variant has aminor al-
lele frequency of 0.0000517 in the general population but a much
higher frequency (0.001191) in the Ashkenazi Jewish population. It
has not previously been observed in the homozygous state
(https://gnomad.broadinstitute.org/gene/ENSG00000165389?
dataset=gnomad_r2_1). In silico analyses (gnomAD) indicate that it
is a low confidence loss-of-function allele.

Clinical features of affected patients

Patient 1 is currently 5 years old. Perinatal history was unremark-
able. A port wine stain was present at birth (Supplementary Fig. 1),
but workup for SturgeWeber syndrome and other vascular anomal-
ies was negative. Her developmental profile is consistent with pro-
gressive lower extremity spasticity and cognitive delay. In terms of
motor skills, she started sitting around 11 months. She underwent
surgery for release of a tethered cord at 20months of age. By 3 years
of age, she had a scissoring gait and used a walker. In terms of lan-
guage skills, she started babbling at 12 months. At the age of 25
months, she could use 15 words and signed two-word phrases. By
4 years of age, she could use 4–6-word phrases but had evidence of
sensorineural hearing loss. Brain MRI performed at 1 year of age
showedmild ventriculomegalywith slightly depressedwhitematter
volume (corpus callosal thickness near the 3rd percentile for age).
Electroencephalography at 2 years of age showed frequent sleep
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Table 1 Genetic and clinical features associated with SPTSSA related disorder

Patient 1 (Female) Patient 2 (Female) Patient 3 (Male)

Genetics
Method of variant
detection

Exome sequencing Whole genome sequencing Exome sequencing

cDNA change NM_138288.3: c.152C>T NM_138288.3: c.152C>T NM_138288.3: c.171_172del
Protein change p.(Thr51Ile) p.(Thr51Ile) p.(Gln58AlafsTer10)
Inheritance De novo De novo Autosomal recessive
Heterozygosity Heterozygous Heterozygous Homozygous

Growth features
Failure to thrive No Yes Yes
Short stature Yes Yes Yes
Macrocephaly Yes No No
Weight (CDC z-score) Age 50 mo: 12.7 kg (−1.99) Age 8 y: 17.7 kg (−2.42) Age 22 y: 50 kg
Height (CDC z-score) Age 50 mo: 85.5 cm (−3.76) Age 8 y: 111.5 cm (−2.87) Age 22 y: 145 cm
Head circumference
(CDC z-score)

Age 28 mo: 49.5 cm (1.14) Age 8 y: 50 cm (−1.31) Age 13 y: 53 cm

Birth weight (CDC
z-score)

2.8 kg (−1.19) 3.6 kg (0.44) 3.25 kg

Birth length (CDC
z-score)

50.8 cm (0.49) 53.3 cm (1.40)

Development
Intellectual disability No Yes No
Age babbling 12 mo 12 mo 10 mo
Age first word besides
mama/dada

30 mo No words 12 mo

Age phrases Five-word phrases at 3 y Two-word phrases at 2 y
Current best language
abilities

Age 4 y: 4–6-word phrases Age 8 y: no words/gestures; communicates
with facial/eye expressions and voice tone

Normal

Age sitting 12–14 mo Not sitting
Age walking 2 y: 10–15 steps with walker Not walking 24 mo
Current best motor
functioning

Scissoring gait using walker Holds head up briefly Stands supported

Neurological features
Axial hypotonia Yes Yes No
Appendicular spasticity Yes Yes Yes
Dystonia No Suspected No
Gait pattern Spastic gait Not walking Not walking
Cortical visual
impairment

No Suspected No

Epilepsy No No Yes (rolandic)
EEG findings Frequent sleep potentiated multifocal

spikes involving left central, left frontal,
right centro-parietal, right frontal regions,

rarely synchronized

Mild diffuse background slowing with
overriding diffuse beta range frequency;
multifocal polymorphic sharp waves and

sharp slow waves during sleep, most
frequent bi-temporal independent

Temporoparietal spikes

Disrupted sleep No Yes No
Dysphagia No Yes No
Sialorrhea No Yes (requiring botox and scopolamine) No
Sensorineural hearing
loss

Yes No Yes

Autonomic instability No Yes (temperature instability) No
Tethered cord Yes No No

Systemic features
Ophthalmological
features

None None Myopia

ENT features None Type 1 laryngeal cleft None
Gastrointestinal
features

GERD GERD, constipation, G-tube None

Renal features None Renal tubular acidosis and nephrolithiasis
(requiring ureteral stents, lithotripsy); UTI

None

Musculoskeletal
features

None Severe levoscoliosis, bilateral proximal
femoral osteotomies

Tendon releases and
osteotomies for contractures

Endocrine features Growth hormone deficiency
Dermatological features Capillary malformation on forehead, upper

eyelids, nape of neck/back of head and
lower part of spine

Nevus flammeus on central forehead
extending over both eyelids; stork bite nape

of neck

None

GERD=gastroesophageal reflux disorder; mo=months; UTI=urinary tract infections; y= years.
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potentiated multifocal spikes which rarely synchronized but no evi-
dence of clinical seizures. Nerve conduction studies (NCS) at 3 years
of age showedno signs of polyneuropathy. Her neurological examin-
ation at 46 months of age was notable for central hypotonia, lower
extremity spasticity (worsened over time without proximal or distal
preference), a positive Babinski sign and an abnormal gait pattern
(scissoring, extreme toe walking, and inversion of the feet).

Patient 2 is currently 10 years old. She was born at 39weeks ges-
tation after an uneventful pregnancy. A port wine stain was appar-
ent in infancy. Her developmental trajectory is characterized by
progressive spasticity (lower>upper), possible dystonia and intel-
lectual disability (ID). Motor delay was noted at 5 months of age.
At 8 years of age, she had no control of her legs and some control
of her arms. By 10 years of age, spasticitywasworse in the lower ex-
tremities but also present in the upper extremities, with clonus at
the wrists bilaterally. She could not hold her head up consistently
and never acquired the ability to sit independently or reach for ob-
jects. Worsening spasticity led to hip displacement, and poor trun-
cal tone contributed to severe scoliosis. In terms of language, at the
age of 8 years, she was non-verbal and communicated with facial/
eye expressions and tone of voice. This degree of communication
impairment, in combination with significantly impaired adaptive
skills, was consistent with ID. At 15 months of age, she developed
staring spells and episodes of body stiffening, neither of which
were associated with epileptiform activity on EEG. Her EEG showed
mild diffuse background slowing, multifocal polymorphic sharp
waves, and sharp slow waves during sleep, but no seizures.
Electromyography (EMG)/NCS showed no evidence of polyneurop-
athy or motor neuron disease. Brain MRI at 2 years of age showed
ventriculomegaly and abnormal T2 hyperintensity in the deep
and periventricular white matter bilaterally. Magnetic resonance
spectroscopy of both grey matter (caudate) and white matter
(parietal-occipital) voxels showed decreased N-acetylaspartate
(NAA) and increased lactate signals. A repeat brain MRI at 4 years
of age showed progressive cerebral volume loss and development
of cerebellar atrophy. Her current neurological examination shows
truncal hypotonia, spasticity in all extremities, and hyperreflexia.
Beyond her neurological impairment, she also had systemic com-
plications and comorbidities. Due to dysphagia, reflux, frequent vo-
miting and recurrent aspiration pneumonias, she underwent
placement of a gastrostomy tube at 2 years of age. Over time, she
also developed renal tubular acidosis and nephrolithiasis.

Patient 3, currently 22 years old, is the second child out of nine to
non-consanguineous Jewish Ashkenazi parents. He was born at
term after an uneventful pregnancy. His neurodevelopmental pro-
file is characterized by regression in motor skills, progressive spas-
ticity and weakness. Early motor development was delayed, as he
walked independently at 2 years of age. At 7 years of age, contrac-
tures in the lower limbs prompted surgery for tendon release at
multiple levels. At 10 years of age, he developed motor regression,
losing the ability to walk. Pyramidal signs with appendicular spas-
ticity and hyperreflexia led to an initial diagnosis of cerebral palsy.
Sensorineural hearing loss was diagnosed at 3 years of age, and the
initial speech delay gradually improved after use of hearing aids.
No further deterioration of hearing has occurred. In addition to de-
velopmental impairment, he had seizures. Around 6 years of age,
he developed rolandic seizures with temporoparietal spike-waves
evident on EEG. By 12 years of age, the seizures abated having re-
quired no treatment. A brain MRI at the time showedmild thinning
of the corpus callosum. NCS showed no signs of polyneuropathy.
On examination at 22 years of age, he displayed weakness, spasti-
city andhyperreflexia,more prominent in the legs than in the arms.

In summary, all three individuals presented with progressive
motor impairment (Table 1). Neurological impairment ranged from
severe (inability to sit unsupported and lack of verbal communica-
tion up until 10 years of age in Patient 2) to moderate (ability to am-
bulate until 10 years of age and preserved verbal communication
beyond20 years of age in Patient 3). All patients showedan early per-
iod of developmental delay and progressive spasticity, predomin-
antly in the lower extremities. While EEG abnormalities were
present in all three patients, clinical seizures manifested in only
one and required no intervention. Both sensorineural hearing loss
and a port-wine stain were features present in 2 of 3 subjects
(Fig. 2C and Supplementary Fig. 1, respectively). NCS showed no evi-
dence of polyneuropathy or lowermotor neuron disease. BrainMRIs
showed varying degrees of cerebral volume loss and cerebellar atro-
phy (Fig. 2A). Magnetic resonance spectroscopy in one patient
(Patient 2) demonstrated decreased NAA and increased lactate sig-
nals (Fig. 2A). Serum levels of SLswere increased in all three patients
(Fig. 4A) andprompted further exploration inHEK cells, patientfibro-
blasts and Drosophila as described below.

The SPTSSA58fs variant, but not the SPTSSAT51I

variant, reduces microsomal SPT activity

Although homozygous Sptssa KO mice are inviable, heterozygous
Sptssa null mutant mice develop normally.35 Thus, it is unlikely
that the de novo SPTSSAT51I variant is a simple loss-of-functionmu-
tation that prevents activation of the SPTLC1/SPTLC2 heterodimer.
The Genome Aggregation Database (gnomAD) suggests SPTSSA is
tolerant of heterozygous loss-of-function variants predicted to re-
sult in haploinsufficiency.36

To directly test whether the T51I mutation in SPTSSA altered its
activation of SPT, SPT activity was measured in microsomes pre-
pared from HEK SPTSSA KO cells expressing either WT SPTSSA or
SPTSSAT51I. Microsomal SPT activity from the SPTSSA KO cells was
near the limit of detection (∼1 pmol/mg/min) whereas SPT activity
from cells expressing WT SPTSSA was ∼30 pmol/mg/min (Fig. 3A),
consistent with our previous reports that the SPTLC1/SPTLC2 het-
erodimer is activated >25-fold by SPTSSA.11,31 SPTSSAT51I activated
the SPTLC1/SPTLC2 heterodimer comparably to WT SPTSSA
(Fig. 3A), and immunoblotting showedthat itwasexpressedsimilar-
ly to WT SPTSSA (Fig. 3B). Furthermore, co-immunoprecipitation
with SPTLC1-Flag showed that SPTSSAT51I bound the SPTLC1/
SPTLC2 heterodimer comparably to WT SPTSSA (Fig. 3C).
Microsomal SPT activity measured from the patient fibroblasts
was also comparable to that from age and gender matched control
fibroblasts (Fig. 3D). Overall, these results demonstrated that the
T51I variant in SPTSSA did not alter the intrinsic enzymatic activity
of SPTLC1/SPTLC2/SPTSSA heterotrimeric SPT and thus that the
SPTSSAT51I subunit is a completely functional activator of the
SPTLC1/SPTLC2 heterodimer.

We also investigated whether the SPTSSA58fs variant impacted
the activation of SPT. In contrast to SPTSSAT51I, which is a de novo
dominant variant, SPTSSA58fs was inherited in an autosomal reces-
sive manner. Both unaffected parents and seven unaffected sib-
lings of the proband were carriers of the SPTSSA58fs allele
(Fig. 1C). Given the importance of SPT activity, it seemed possible
that this mutation compromises the activating function of
SPTSSA, thereby resulting in insufficient SL synthesis. To test this
idea, microsomal SPT activities from fibroblasts of the patient, un-
affected carrier mother and homozygous WT brother were com-
pared. The results showed that SPT activity was significantly
lower in microsomes from the SPTSSA58fs patient fibroblasts
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Figure 2 Clinical characteristics of patients with SPTSSA-related disorder. (A) Variable findings on brain MRI among affected individuals with SPTSSA
variants, including cerebral/cerebellar volume loss and white matter changes. Axial and sagittal images shown are from Patient 1, who has ventricu-
lomegaly and slightly depressed white matter volume. In Patient 2, at age 2 years, magnetic resonance spectroscopy of both grey (caudate) and white
(parietal-occipital) matter voxels showed decreased NAA and increased lactate signals. At age 4 years, there was interval development of cerebellar
atrophy and mild progressive cerebral volume loss with T2 hyperintensity in the deep and periventricular white matter bilaterally. In Patient 3, scans
at age 12 years showed mild thinning of the corpus callosum but structures were within the normal range. (B) Facial dysmorphisms of affected indi-
vidualswith the SPTSSAp.Thr51Ile variant. (C) Threshold BAER (brainstemauditory evoked response) evaluation showed elevated thresholds for hear-
ing, as determined by presence/absence of wave V when measured using a 2 kHz tone burst at various stimulation levels, in Patient 1. Shown is
response from the left ear with a threshold of 35 dBnHL (decibels normal hearing level).
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(Fig. 3E). It was not possible to compare expression of the WT
SPTSSA and SPTSSA58fs subunits in fibroblasts by immunoblotting,
because the SPTSSA antibody recognizes the C-terminus of
SPTSSA, which is missing from the mutant subunit. However,
HA-tagged SPTSSA58fs expressed poorly compared to HA-tagged
WT in the HEK SPTSSA KO cells (Fig. 3B). Reduced expression of
themutant SPTSSA subunit likely accounted for reduced SPT activ-
ity in the patient fibroblasts and may also have explained why
microsomal SPT activity was not compromised in the carrier
mother’s fibroblasts, since themajority of her SPT presumably con-
tained themorehighly expressedWTSPTSSA. The observation that
SPTSSA58fs expression from a cDNA (Fig. 3B) was low pointed to re-
duced stability of the protein but did not rule out the possibility that
the frameshift variant also affected mRNA stability. To address
this, RT-qPCR was conducted and showed no significant difference
in SPTSSA mRNA levels in fibroblasts from Patient 3 (homozygous
for the frameshift variant) and his unaffected brother (homozygous
WT) (Supplementary Fig. 2A). In addition, cDNA from the mother’s
fibroblasts was used to make an SPTSSA amplicon and sequencing
of 24 clonally purified plasmids showed that the WT and 58fs var-
iants were equally represented in the mother’s mRNA
(Supplementary Fig. 2B). Despite the reduced stability of the
SPTSSA58fs protein, SPT activity was comparable in microsomes
from the HEK SPTSSA KO cells expressing the mutant and WT
SPTSSA (Fig. 3A), indicating that, when expressed at sufficient le-
vels, SPTSSA58fs fully activates the SPTLC1/SPTLC2 heterodimer.

Both SPTSSA variants increase intracellular SPT activity

Although microsomal SPT activity was not affected by the
SPTSSAT51I variant (Fig. 3A and D), levels of several SLs were sub-
stantially elevated in serum from the SPTSSAT51I patients com-
pared to controls (Fig. 4A). Since the rate of intracellular SL
synthesis reflects both the intrinsic catalytic activity of SPT as
well as its homeostatic regulation, these results raised the possibil-
ity that the T51I mutation in SPTSSA interferes with the negative
feedback regulation of SPT.

To investigate this idea further, SPT activity was compared in
HEK SPTSSAKO cells expressing the T51Imutant orWTSPTSSA sub-
unit. As expected, intracellular SPT activity, determined by measur-
ing incorporation of d2-serine into newly synthesized SLs, was very
low in the SPTSSA KO cells and significantly increased by expression
of SPTSSA (Fig. 4B). Strikingly, expression of SPTSSAT51I led to much
higher intracellular SPT activity than did expression of WT SPTSSA
(Fig. 4C). The same result was seen when de novo SL synthesis in pa-
tient and control fibroblasts was compared (Fig. 4D).

Surprisingly, although the SPTSSA58fsmutant subunitwas poorly
expressed andmicrosomal SPT activity in the patientfibroblastswas
low (Fig. 3E), SL levels were also elevated in serum from Patient 3
(Fig. 4A). Likewise, intracellular SPT activity was significantly higher
in HEK SPTSSA KO cells expressing SPTSSA58fs than in cells expres-
sing WT SPTSSA (Fig. 4C). More importantly, de novo SL synthesis
in the patient fibroblasts was substantially higher than in fibroblasts
from the mother or unaffected brother (Fig. 4E). Thus, although the
SPTSSA58fs frameshift variant reduced expression of SPTSSA, it
nonetheless resulted in elevated intracellular SPT activity.

The SPTSSA variants impair ORMDL-mediated inhibition of
SPT

The increased SPT activity observed in cells expressing the SPTSSA
variants suggested that ORMDL-mediated regulation of SPTmay be
impaired by the mutations, given that the ORMDL proteins inhibit

SPT when SL levels become too high. In support of this notion, for
the SPTSSAT51I variant, the cryo-EM structure of the human SPT/
ORMDL3 complex12,13 reveals that T51, highly conserved among eu-
karyotes (Fig. 1D), resides at the luminal end of the single trans-
membrane domain of SPTSSA in close association with the first
transmembrane domain (TM1) of ORMDL3 (Fig. 1B). It is less clear
how the 58fs variantmight affect interactionswith ORMDL because
this domain of SPTSSA is not visible in the cryo-EM structures.12,13

Several lines of evidence indicated that SPTSSAT51I-containing
SPT was indeed refractory to ORMDL regulation. First, SPTLC1,
SPTLC2, and either WT or SPTSSAT51I were overexpressed in HEK
cells. By overexpressing SPT, the regulatory capacity of the en-
dogenous ORMDLs was exceeded and thus the ability of co-
transfected ORMDL3 to regulate SPT activity could be assessed by
measuring incorporation of d2-serine into newly synthesized SLs
(Fig. 1A).25 The results showed that SPT containing SPTSSAT51I

was less responsive to inhibition by co-transfected ORMDL3 than
SPT containing WT SPTSSA (Fig. 5A and Supplementary Fig. 3A).
Another indicator of ORMDL regulation is the ability of cells to
maintain SL levels when serine is added to the growth media.
Although increased serine concentrations increase SPT activity,
the accumulating SLs invoke ORMDL-mediated inhibition of SPT
to maintain SL homeostasis.10 Accordingly, de novo SL synthesis
was largely unaffected by increased serine in HEK SPTSSA KO cells
expressing WT SPTSSA. By contrast, it was markedly elevated in
these cells expressing the SPTSSAT51I mutant subunit (Fig. 5B), fur-
ther indicating that the T51I mutation abrogated ORMDL regula-
tion. It has also been shown that C8-ceramide represses
microsomal SPT activity in an ORMDL-dependent manner.32 As
predicted, microsomal SPT from the patient fibroblasts was less re-
sponsive to ORMDL-dependent C8-ceramide inhibition thanmicro-
somal SPT activity from control fibroblasts (Fig. 5C), again pointing
to loss of ORMDL regulation. Finally, the consequences of silencing
the ORMDLs in HEK SPTSSA KO cells expressing theWT or T51Imu-
tant SPTSSA was compared. Similar to previous reports,15,37,38 si-
lencing the ORMDLs increased de novo SL synthesis several-fold in
cells expressing WT SPTSSA; however, it had little effect on de
novo SL synthesis in cells expressing SPTSSAT51I (Fig. 5D). Taken to-
gether, these results showed reduced ORMDL regulation of SPT
containing the SPTSSAT51I mutant subunit and strongly implicated
unrestrained SPT activity as the underlying cause of the patho-
physiology associated with the SPTSSAT51I variant. Since
SPTSSAT51I expresses and binds SPTLC1/SPTLC2 analogously to
WT SPTSSA (Fig. 3B and C), it is presumed that at least 50% of the
patient’s cellular SPT is not properly feedback inhibited by the
ORMDLs. Thus, the T51I substitution in SPTSSA is a dominant
loss-of-function mutation with regard to ORMDL regulation.

Similar to SPT comprised of the SPTSSAT51I mutant subunit, SPT
containing the SPTSSA58fs variant subunit was also less responsive
to co-transfected ORMDL thanWT SPT (Fig. 5A). In addition, as was
observed for SPT containing SPTSSAT51I, SPT containing SPTSSA58fs

was impaired in the ORMDL-mediated homeostatic regulation eli-
cited by increased serine (Fig. 5B). Finally, although silencing the
ORMDLs increased intracellular SPT activity in the SPTSSA KO cells
expressing SPTSSA58fs, the increase was significantly smaller than
in cells expressingWT SPTSSA (Fig. 5D). Taken together, the results
showed that the SPTSSA58fs variant also significantly abrogated
ORMDL regulation of SPT, albeit less so than the T51I mutation.
Thus, although the SPTSSA58fs mutation reduced the stability of
SPTSSA, intracellular SPT activity was, in fact, high and unregu-
lated pointing to excessive rather than insufficient SLs as the basis
of the pathophysiology in the patient. That this variant was
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recessive likely reflected both instability of themutant SPTSSA (i.e.
the majority of SPT in heterozygotes presumably contained WT
SPTSSA) and that this variant impaired ORMDL regulation less
than did the T51I variant.

The observation that the SPTSSA58fs mutation impairs ORMDL
regulation of SPT suggested the C-terminus of SPTSSA plays a crit-
ical role in ORMDL-mediated inhibition of SPT. Indeed, we found
that deletion of the C-terminal 14 amino acids of SPTSSA
(SPTSSACΔ14) did not affect ability to activate the SPTLC1/SPTLC2
heterodimer (Fig. 3A), but significantly impacted the response to
ORMDL3 (Supplementary Fig. 3A). Furthermore, silencing the
ORMDLs had a much smaller effect on SL levels in cells expressing
SPTSSACΔ14 than on cells expressing WT SPTSSA (Supplementary
Fig. 3B). These results prompted us to consider whether the
SPTSSBH56L mutation, which resulted in high SLs and a neurode-
generative phenotype in the stellarmouse,39 might also be disrupt-
ing ORMDL regulation. This residue is highly conserved between
the SPTSSA and SPTSSB, being His59 in SPTSSA (Fig. 1D). Thus, we
investigated the SPTSSAH59L variant and found that it also impaired
ORMDL regulation (Supplementary Fig. 3A).

Increased SPT activity causes neurological defects in
Drosophila

SPT is highly conserved in eukaryotes andDrosophila melanogaster is
a powerful model for studying SL metabolism and human genetic
disorders.40,41 Drosophila produces sphingoid bases of different

chain lengths (C14/16)42 from human (predominantly C18), allow-
ing us to test the effect of the SPTSSA variants on human SPT activ-
ity by measuring C18 SLs. To determine the effect of increased SPT
activity in vivo, we overexpressed the three human SPT subunits in
Drosophila using a scSPT (Fig. 6A).32 We used a variety of GAL4 dri-
vers to express WT scSPT (scSPTRef) in all cells or in various tissues.
Ubiquitous scSPTRef expressionusing either the comparativelyweak
da-Gal4 or stronger Act-Gal4 driver caused lethality (Table 2), show-
ing that scSPT overexpression was toxic. The Act>scSPTRef animals
died at various developmental stages while all da>scSPTRef animals
died at late pupal stage, indicating that stronger scSPT expression
caused more severe defects. We then overexpressed scSPT in the
nervous system using pan-neuronal elav-Gal4 and glial repo-Gal4
drivers. The elav>scSPTRef animals survived into adulthood but
showed severely compromised climbing activity and a very short
lifespan (Fig. 6B, C and E). Surprisingly, scSPTRef expression in glial
cells, which comprise only 10% of the cells of the nervous system,
was sufficient to cause lethality (Table 2), indicating that glial cells
were very sensitive to scSPT overexpression. Overexpression of
scSPT in muscle (Mef2-Gal4) and fat body (SPARC-Gal4) also caused
lethality (Table 2), showing that scSPT overexpression was toxic in
most tissues.

Next we sought to study the impact of SPTSSA variants on SPT
function. Because of the difficulty with testing the SPTSSA frame-
shift variant in the scSPT, we only tested the missense variant by
introducing the SPTSSAT51I mutation into scSPT (scSPTT51I). In add-
ition to the patient variant, we also tested the H59L missense

Figure 3 Effect of the SPTSSA variants on expression and activation of the SPTLC1/SPTLC2 heterodimer. (A) Plasmids expressing HA-tagged WT,
SPTSSAT51I (T51I), SPTSSA58fs (58FS) or SPTSSACΔ14 (CΔ14) were transfected into HEK SPTSSA KO cells, and microsomal SPT activity was determined
as described in the ‘Materials and methods’ section. (B) Microsomal proteins from the HEK SPTSSA KO cells expressing the indicated SPTSSA variants
(as in A) were separated by SDS PAGE, and the indicated proteins were analysed by immunoblotting. (C) Microsomes prepared from SPTSSA KO cells
co-expressing SPTLC1-FLAG, SPTLC2 and either HA-SPTSSA and SPTSSAT51I (left) or SPTSSA and HA-SPTSSAT51I (right) were solubilized and bound to
anti-FLAG beads. The immunoprecipitated proteins were analysed by immunoblotting. (D) Microsomes prepared from Patients 1 and 2 (P1 and P2)
and age-matched control (Con) fibroblasts were assayed for SPT activity as in A. (E) SPT activity in microsomes from Patient 3 (P3), his carrier mother
and his homozygous WT brother was determined as in A.
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variant which is analogous to the mouse Sptssb p.H56L variant that
caused elevated SL synthesis and neurodegeneration in the stellar
mice39 (discussed above). Flies expressing scSPTT51I or scSPTH59L

are lethal or exhibit a very reduced lifespan similar to the
da>scSPTRef and elav>scSPTRef

flies, respectively (Table 2, Fig.
6B and Supplementary Fig. 4A and B), indicating that the SPTSSA
T51I and H59L variants are not impairing SL synthesis.

Given that the previous data indicated that the T51I variant acts
as gain-of-function because the ORMDL regulation is impaired, we
explored the impact of co-expressing scSPT and ORMDL3. As shown
in Table 2, ORMDL3 expression fully rescued the phenotypes
caused by scSPTRef overexpression using various GAL4 drivers.
However, co-expression of ORMDL3 failed to rescue the motor de-
fects and short lifespan in elav>scSPTT51I

flies (Fig. 6B and D).
Although ORMDL3 expression rescued the lethality of the

da>ORMDL3, scSPTT51I
flies, the surviving adults exhibited motor

defects and a very short lifespan similar to the elav>scSPTRef

and the elav>scSPTT51I
flies (Fig. 6C and E. These results showed

that the SPTSSAT51I variant is a gain-of-function variant that dis-
rupts the negative ORMDL regulation of SPT activity in vivo and
that the inhibition of SL synthesis can be recapitulated in flies.
Co-expression of ORMDL3 also rescued the lethality of the
da>ORMDL3, scSPTH59L

flies (Supplementary Fig. 4A) but only par-
tially rescued the motor defects caused by da>scSPTH59L and
elav>scSPTH59L (Supplementary Fig. 4B). These data show that the
H59L variant disrupts ORMDL regulation of SPT activity albeit to a
lesser extent than the T51I variant. These results, together with
the results from the 58fs variant and the C-terminal deletion mu-
tant, indicate an important role for the C-terminus of SPTSSA in
ORMDL regulation.

Figure 4 The SPTSSA variants increase SPT activity. (A) SLs were extracted from serum of patients (P1, P2 and P3) and 14 unaffected controls (Con) and
the indicated SL species were quantified by LCMS as described in the ‘Materials andmethods’ section. (B) HEK SPTSSA KO cells were transfected with a
plasmid expressingWTSPTSSA or empty vector and after 24 h freshmediumcontaining d2-serinewas added; 24 h later newly synthesized d2-labelled
SLswere quantitated by LCMS. (C) Plasmids expressingWT, p.Thr51Ile (T51I), or p.Gln58AlafsTer10 (58fs) SPTSSAwere transfected into theHEK SPTSSA
KO cells and de novo SL synthesis was analysed as in B. (D) Patient P1 and P2 and control (Con) fibroblasts were incubated for 24 h inmedium containing
d2-serine, and labelled SLs were quantitated by LCMS as in B. (E) Fibroblasts from Patient 3 (P3), his carrier mother and his homozygous WT brother
were incubated with d2-serine and SLs were extracted and quantitated as inD. Unless indicated as not significant (ns), all differences were significant
(P<0.05).
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To confirm that the scSPT overexpression phenotypes are caused
by elevated SL synthesis, we measured SL levels in fly larvae.
Drosophila SPT produces SLs with C14 and C16 LCBs,42 while human
SPT produces SLs with C18 LCBs.We found that the C14 and C16 LCB
levelswere not significantly elevatedwhen scSPTwas overexpressed
whereas the da>Empty control and the da>ORMDL3 larvae did not
produce C18 SLs (Fig. 6F). However, both da>scSPTRef larvae and the
da>scSPTT51I larvae had elevated levels of total C18 LCBs (Fig. 6F) as
well as C18 ceramide and C18 ceramide phosphoethanolamine
(CPE), two commonly observed complex SLs in Drosophila (Fig. 6G).
Hence, expression of the human scSPT was sufficient to induce the
production of C18 SLs in flies. Importantly, co-expression of
ORMDL3 abolished the C18 SL levels, showing that the regulation of
human SPT by ORMDL3 can be fully recapitulated in flies.
Consistent with the behavioural data, co-expression of ORMDL3
with scSPTT51I did not fully suppress the production of C18 SLs (Fig.
6F and G). These results provided compelling evidence that the ele-
vation of SL synthesis correlates with the lethality and neurological
phenotypes observed in vivo. In summary, our findings in Drosophila
showed that excessive SL synthesis causes motor defects and

shortened lifespan, supporting that the phenotypes observed in
the patients are indeed caused by the SPTSSA variants.

Discussion
Here,wehavedefinednovel SPTSSA variants and linked themfor the
first time to human disease, specifically complex HSP. HSPs re-
presentageneticallyheterogeneousgroupofdisorderscharacterized
by progressive spasticity andweakness, particularly in the lower ex-
tremities. ComplexHSPs often represent diffuse cortical dysfunction
(e.g. seizures, ID and sensorineural hearing loss) along with somatic
changes (e.g. port-wine stain), while uncomplicated (‘pure’) HSPs af-
fect onlymotor pathways.Wehave presented three individualswho
have either monoallelic de novo or biallelic inherited mutations in
SPTSSA. These individuals have motor impairment and progressive
lower extremity spasticity (consistent with the classification of
HSP)aswell asneurologicalfindings, including cognitive impairment
andhearing loss (consistentwith the classificationof ‘complex’HSP).

Using biochemical and cell-based assays, we have shown that
the SPTSSA variants cause loss of ORMDL regulation that leads to

Figure 5 The SPTSSA variants impair ORMDL-mediated inhibition of SPT. (A) Plasmids expressing SPTLC1, SPTLC2 and WT, p.Thr51Ile (T51I), or
p.Gln58AlafsTer10 (58fs) SPTSSA were transfected into HEK cells along with increasing amounts (0, 50, 100 or 200 ng) of ORMDL3-expressing plasmid.
After 16 h, d2-serine was added, and 24 h later cells were harvested and deuterated SLs were quantitated by LCMS. (B) HEK SPTSSA KO cells were trans-
fectedwith plasmids expressingWT, p.Thr51Ile (T51I), or p.Gln58AlafsTer10 (58fs) SPTSSA. After 24 h, freshmediumwithout (−) orwith (+) 3 mMserine
was added, and 24 h later cellswere harvested for SL analyses by LCMS. (C) Microsomesprepared frompatient (P1, P2) and control (Con)fibroblastswere
assayed for SPT activity without (−) or with (+) added C8-ceramide(Cer)/BSA as described in the ‘Materials and methods’ section. (D) HEK SPTSSA KO
cells were transfected with plasmids expressing WT, p.Thr51Ile (T51I) or p.Gln58AlafsTer10 (58fs) SPTSSA and SiRNAs (+Si) directed to ORMDL1, 2
and 3 or a control scrambled siRNA. After 24 h, the medium was changed, d2-serine was added for 24 h, cells were harvested and deuterated SLs
were quantitated by LCMS. Unless indicated as not significant (ns), all differences were significant (P<0.05).
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inappropriately high SPT activity. Unrestrained SPT was evident
from elevated SLs in serum and fibroblasts from the patients. In
addition, we overexpressed human SPT in fruit flies and showed
that it leads to excessive SL synthesis that causes severe motor de-
fects and shortened lifespan, supporting the causal relationship be-
tween elevated SPT activity and some of the patient phenotypes.
Moreover, while co-expression of humanORMDL3 rescued the phe-
notypes of flies expressing the WT human SPT, it failed to rescue
flies expressing the mutant SPT, confirming that the SPTSSAT51I

variant abrogates ORMDL regulation of SPT. In all, we identified
SPTSSA as the latest gene to be associatedwith complex HSP, a gen-
etically and clinically diverse group of neurological disorders.43,44

The first report of enhanced SPT activity resulting in neurode-
generative disease came from the study of the stellar mouse with
an autosomal dominant eye-flecking phenotype.39 Homozygous
stellar mice developed early onset ataxia and died prematurely

(∼10 weeks). Degenerating axons were observed by EM in these
mice at 2 weeks of age. The variant was mapped to the Sptssb
gene, encoding a structural and functional homolog of SPTSSA,
and the SPTSSBH56L mutant caused elevated SPT activity and in-
creased levels of SLs. At the time, the importance of the
C-terminal domain of the SPTSS subunits in ORMDL-mediated
regulation was not appreciated, but here we have shown that this
histidine residue, highly conserved between SPTSSB (H56) and
SPTSSA (H59), is critical for ORMDL regulation of SPT
(Supplementary Figs 3A and 4). The SPTSSA H59 residue localizes
to the C-terminal region affected by the 58fs frameshift variant
and the C-terminal deletionmutant. The results from all these var-
iants highlight the important role of the C-terminus of SPTSSA in
ORMDL regulation.

Specific genetic alterations in SPTSSA affect ORMDL regulation
to different degrees and manifest with variable severity of the

Figure 6 Increased SPT activity causes neurological defects inDrosophila. (A) Schematic of the constructs used inDrosophila that overexpresses human
SPT and ORMDL3. (B) Neuronal overexpression of scSPT causes shortened lifespan. ORMDL3 expression rescues the lifespan in flies expressing WT
scSPT (scSPTRef) but not in flies expressing the p.Thr51Ile scSPT variant (scSPTp.T51I). (C) Flies co-expressing ORMDL3 and scSPTp.T51I have a shor-
tened lifespan when compared to those co-expressing ORMDL3 and scSPTRef. (D) Neuronal expression of scSPT causes severe climbing defects.
ORMDL3 expression recovers the climbing capability in flies expressing scSPTRef but not those expressing scSPTp.T51I. The elav>Empty flies were
tested to document the climbing capability of the proper control flies. (E) Flies co-expressing ORMDL3 and scSPTp.T51I exhibit severely compromised
climbing capabilities when compared to flies co-expressing ORMDL3 and scSPTRef. The da>Empty flies were tested as controls. (B–E) n values are in-
dicated in each panel. (F) Expression of scSPT causes elevated production of C18, but not C14 and C16 LCBs. Co-expression of ORMDL3 fully suppresses
the C18 LCB production induced by scSPTRef, but only partially suppresses the C18 production induced by scSPTp.T51I. (G) Expression of scSPT causes
production of C18 ceramide and C18 CPE, two complex SL species commonly observed in Drosophila. Data are presented as Kaplan–Meier curves and
analysed using Gehan–Breslow–Wilcoxon test and log-rank test (B and C) or represented as mean±SEM and analysed using unpaired Student’s t-test
(D–G). Unless indicated as not significant (ns), all differences were significant (P<0.05).
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associated complex HSP phenotype. The individuals with the de
novo T51I variant, which renders SPT less responsive to ORMDL
regulation than the SPTSSA58fs variant, had earlier onset of disease
and more severe motor and cognitive deficits. The lower SL accu-
mulation associated with the SPTSSA58fs variant and the fact that
it was only deleterious in the homozygous state likely reflected,
in part, that SPTSSA58fs was poorly expressed and thus that thema-
jority of SPT in heterozygous individuals contains WT SPTSSA. In
addition, ORMDL regulation was less severely impacted by the
SPTSSA58fs variant than by the T51I variant. For example, silencing
the ORMDLs increased de novo SLs 5- to 10-fold in SPTSSA KO cells
expressing WT SPTSSA (Fig. 5D) but did not significantly change
de novo SL synthesis in cells expressing SPTSSAT51I, showing that
ORMDL regulation was largely ablated by this mutation. In the
case of SPTSSA KO cells expressing SPTSSA58fs, de novo SLs in-
creased 2- to 3-fold, indicating that, although significantly blunted,
the ORMDLs partially regulated SPT containing SPTSSA58fs. Thus,
the extent of loss of ORMDL regulationmaypredict clinical severity.

Though the individuals with the de novo T51I variant were more
severely impacted clinically, there are common neurological fea-
tures of the disorder, including developmental delay, progressive
motor impairment, progressive lower extremity spasticity, and epi-
leptiform activity or seizures. Brain MRI from the affected patients
showed variable features, including cerebral/cerebellar atrophy,
thin corpus callosum, and hyperintensity in the deep and periven-
tricular whitematter. Although abnormal SLs are associated with a
number of leukodystrophies as well as multiple sclerosis,45 the
overall clinical picture, including the presence of epileptiform
activity or seizures and cerebral/cerebellar atrophy, suggest a neur-
onal disorder rather than a white matter disorder (i.e. leukodystro-
phy).46 The findings on magnetic resonance spectroscopy are
limited but provide potentially valuable additional information.
In addition to lactate peaks, Patient 2 showed a decrease in
N-acetylaspartate, a marker of neuronal and axonal health, in
both grey and white matter of the brain. It is difficult to draw con-
clusive statements from this single patient, but overall, the clinical
and imaging findings point to an impact of the SPTSSA variants
upon neuronal health during early childhood brain development.

Despite the evidence that this is a neuronal disorder, the neuro-
logical phenotypes may be secondary to myelination defects asso-
ciated with the SPTSSA variants. During myelination, there is an
increased rate of SL synthesis and maturation of oligodendrocytes
coincides with alterations in expression of SPT subunits including
SPTSSA and SPTSSB. Thus, the composition of the SPT complex
undergoes changes during this developmental stage.47 Under these
conditions, the ORMDLs appear to be especially crucial for prevent-
ing the synthesis of potentially toxic intermediates, such as cera-
mides. For example, it has been shown that either deletion of

Ormdls (in the Ormdl1/3 double KO mice) or overexpression of
scSPT specifically in myelin-producing cells result in severe dys-
myelination and neurological phenotypes in mice.9 Drosophila
wrapping glia perform similar functions as the myelin-forming
Schwann cells and oligodendrocytes. The development of fly wrap-
ping glia requires SLs48,49 and selective expression of the scSPT in
glial cells in flies is sufficient to induce lethality (Table 2). These
studies point to the importance of deciphering precisely how ele-
vated SL synthesis impacts myelination and disrupts brain
development.

To addresswhether excessive SL leads to neurological sequelae,
we successfully generated human SPT overexpressing fruit flies to
model the consequences of elevated SPT activity and SL accumula-
tion. We showed that excessive production of C18 SLs caused se-
vere motor defects and a shortened lifespan in flies, similar to the
neurodegenerative phenotypes in patients. Our data support a
causative relationship between elevated SL synthesis and neuro-
logical phenotypes. However, the difference in chain lengths of hu-
man and fly sphingoid bases raises interesting questions. Further
studies are needed to determine whether excessive SLs in general
or specifically the presence of C18 SLs was responsible for the
neurological damage in the fly model. However, previous studies
have shown that accumulation of endogenous fly SLs is toxic.50–53

Beyond diseases caused by unregulated SPT activity, SL accumula-
tion has been observed in models for a number of neurological dis-
orders including Parkinson’s disease,40,53,54 Gaucher disease,55

Krabbe disease,56 Infantile Neuroaxonal Dystrophy52 and
Friedreich’s ataxia.50,51 How dysregulated SL metabolism relates
to these different pathological manifestations remains to be
investigated.

Unregulated activity of SPT and excessive SL synthesis have
been implicated in at least one other human neurological disease.
A recent study of seven families identified four specific,
dominantly-acting SPTLC1 variants manifesting as juvenile ALS.10

Similar to the SPTSSA variants described here, thesemutations dis-
rupted the normal homeostatic regulation of SPT byORMDL, result-
ing in unregulated SPT activity and elevated levels of canonical SPT
products. Altered CSF lipids have also been described in sporadic
ALS,57–60 suggesting a broader pathogenic role for disrupted SLme-
tabolism in sporadic ALS.

It is not uncommon for distinct biochemical consequences of
various mutations in SPT to result in different disease phenotypes.
For example, previously described pathogenic variants in SPTLC1 or
SPTLC2 that result in elevated deoxy-SLs cause sensory neuropathy,
whereas variants in SPTLC1 that result in excessive synthesis of ca-
nonical SLs cause early-onset ALS. Interestingly, the SPTSSA var-
iants described here that similarly resulted in elevated canonical
SLs caused neither peripheral neuropathy nor lower motor neuron

Table 2 Summary of the phenotypes of flies overexpressing scSPT and ORMDL3 in various tissues

UAS-scSPTRef UAS-scSPTRef,
UAS-ORMDL3

UAS-scSPTT51I UAS-scSPTT51I, UAS-ORMDL3

Da-Gal4 (ubiquitous) Lethal (pupa)a Viable, no motor defect Lethal (pupa) Short lifespan,motor defects
Act-Gal4 (ubiquitous) Lethal (multi-phase) Viable, no motor defect Not tested Not tested
Elav-Gal4 (neurons) Short lifespan,motor defects Phenotypes rescued Short lifespan,motor defects Phenotypes NOT rescued
Repo-Gal4 (glia) Lethal (pupa) Viable, no motor defect Not tested Not tested
Mef2-Gal4 (muscles) Lethal (multi-phase) Viable, no motor defect Not tested Not tested
SPARC-Gal4 (fat body) Lethal (multi-phase) Viable, no motor defect Not tested Not tested

For the genotypes that cause lethality, the lethality phases of the animals are indicated in the table.
aAll experiments were carried out at 25°C.
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disease, but rather a complex formofHSP. This is supported byNCA
that showed no abnormalities in the SPTSSA patients.

Understanding the biochemical consequences of the variants in
SPT has important therapeutic implications. For example, in the
case of the HSAN1 variants, the promiscuous utilization of alanine
by SPT producing deoxy-SLs can be reduced by increasing the ratio
of serine to alanine.30,61 Thus, dietary serine supplementation is
being tested for therapeutic benefit in these patients.62 On the other
hand, elevated serine exacerbates the overproduction of SLs asso-
ciated with the SPTLC1 juvenile ALS variants10 and the SPTSSA var-
iants described here (Fig. 5B). Thus serine supplementation is not a
rational therapeutic strategy andmay evenbedetrimental for these
patients.

We do not yet understand why mutations in different subunits
of SPT that similarly impact ORMDL regulation cause such distinct
clinical presentations. In this regard, it is interesting that many of
the early-onset ALS patients first presented with upper motor neu-
ron weakness and some were initially diagnosed with HSP or cere-
bral palsy.10 Of note, the patients presented here did not have
evidence of lower motor neuron pathology on EMG/NCS as would
be seen in ALS; however, the possibility of development of ALS fea-
tures in the future cannot be excluded. Although both the SPTLC1
ALS and SPTSSA HSP variants impair ORMDL regulation of SPT,
there are important distinctions. As mentioned earlier, there are
two isoforms of the activating small subunit (SPTSSA and SPTSSB)
and two isoforms of the other catalytic subunit (SPTLC2 and
SPTLC3), but a single isoform of SPTLC1. The physiological signifi-
cance of the different SPT isozymes is not understood, but they
have distinct acyl-CoA chain length substrate preferences that con-
tribute to an array of sphingoid bases.11,31,63 All SPT isozymes con-
tain SPTLC1 and are thus dysregulated in the ALS patients, but in
theHSP patients only the isozymes containing SPTSSA are affected.
Moreover, the SPTSSB-containing isozymes, with intact ORMDL
regulation, may be hyper-repressed due to excessive activity of
the SPTSSA isozymes. The importance of these complexities needs
to be further investigated.

In summary, we report the first three patients with disease-
causing mutations in SPTSSA. Our evidence that SPTSSAT51I inter-
feres with ORMDL regulation is supported by the recently solved
structure of theSPT/ORMDL3 complex, inwhichThr51of SPTSSAdir-
ectly contactsORMDL3 (Fig. 1).Ourdata also implicate theC-terminal
domain of SPTSSA, missing in the SPTSSA58fs mutant, in ORMDL
regulation. It is worth noting that the C-terminal domain of
SPTSSA was not visible in the cryo-EM structure of the SPT/ORMDL
complex.12,13 This suggests that the domain is flexible and may
undergo conformational changes related to ORMDL regulation. It is
likely that additional disease-causing de novo mutations in the
SPTSS subunits will provide further insight into the regulation of
SPT and inform therapeutic strategies for restoring SL homeostasis.
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