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Amyotrophic lateral sclerosis (ALS) is a progressive, neurodegenerative disease of the lower and upper motor neurons with 
sporadic or hereditary occurrence. Age of onset, pattern of motor neuron degeneration and disease progression vary widely 
among individuals with ALS. Various cellular processes may drive ALS pathomechanisms, but a monogenic direct metabolic 
disturbance has not been causally linked to ALS. Here we show SPTLC1 variants that result in unrestrained sphingoid base 
synthesis cause a monogenic form of ALS. We identified four specific, dominantly acting SPTLC1 variants in seven families 
manifesting as childhood-onset ALS. These variants disrupt the normal homeostatic regulation of serine palmitoyltransferase 
(SPT) by ORMDL proteins, resulting in unregulated SPT activity and elevated levels of canonical SPT products. Notably, this is 
in contrast with SPTLC1 variants that shift SPT amino acid usage from serine to alanine, result in elevated levels of deoxysphin-
golipids and manifest with the alternate phenotype of hereditary sensory and autonomic neuropathy. We custom designed 
small interfering RNAs that selectively target the SPTLC1 ALS allele for degradation, leave the normal allele intact and normal-
ize sphingolipid levels in vitro. The role of primary metabolic disturbances in ALS has been elusive; this study defines excess 
sphingolipid biosynthesis as a fundamental metabolic mechanism for motor neuron disease.
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ALS is a progressive neurodegenerative disease with a vari-
able age of onset, pattern of motor neuron degeneration and 
disease progression1,2. In addition to the more common spo-

radic ALS that typically manifests between 55 and 75 years of age, 
pathogenic variants with monogenic inheritance underlie a growing 
number of familial and early-onset ALS cases. Such precise mono-
genic causes can provide unique mechanistic and pathophysiologi-
cal insights into the disease and guide rational therapeutic designs. 
While a variety of cellular processes has been implicated in ALS 
pathogenesis3–5, a monogenic metabolic form of ALS has not been 
identified to date.

Serine palmitoyltransferase is a multisubunit enzyme that cata-
lyzes the initial and rate-limiting step in sphingolipid biosynthesis 
by condensing l-serine and activated acyl-CoA (most commonly 
palmitoyl-CoA) to form long-chain bases6,7 (Extended Data Fig. 1).  
SPT activity requires close homeostatic regulation to ensure ade-
quate sphingolipid synthesis and to prevent cell toxicity due to 
excess sphingolipids8.

Alterations in SPT activity have been linked to neurodegenera-
tion. While complete loss of SPT function is probably not compat-
ible with life9, overproduction of C20-sphingoid base sphingolipids 
in a naturally occurring mutant mouse (stellar mouse) resulted in 
a severe neurodegenerative phenotype10. In addition, variants in 
genes that encode two subunits of SPT, SPTLC1 and SPTLC2, that 
alter SPT amino acid substrate usage underlie hereditary sensory 
and autonomic neuropathy type 1 (HSAN1)11 and macular telangi-
ectasia type 2 (ref. 12). These variants increase SPT usage of l-alanine 
or glycine rather than l-serine and result in deoxysphingolipid syn-
thesis. Deoxysphingolipids, which lack a critical hydroxyl moiety, 
cannot be efficiently degraded by the cell machinery and cause 
toxicity13,14. Nevertheless, no human disease has been linked to  
SPT overactivity.

In this study, we characterize 11 patients from seven independent 
families with four dominantly acting, monoallelic, pathogenic vari-
ants in SPTLC1 manifesting as childhood-onset ALS. We investigate 
the functional consequences of these variants on sphingolipid bio-
synthesis and its homeostatic regulation, as distinct from HSAN1 
SPTLC1 variants. We also provide proof of concept for a precision 
medicine approach by developing a rational siRNA-based treatment 
strategy based on the identified genetic mechanism.

Results
Childhood ALS and new dominantly acting SPTLC1 variants. We 
identified six individuals from six unrelated families who developed 
early-childhood-onset lower extremity spasticity manifesting as toe 
walking and gait abnormalities followed by progressive lower motor 
neuron-mediated weakness without sensory symptoms or signs 
(Supplementary Table 1 and Supplementary Video 1). The disease 
was universally progressive and led to loss of independent ambula-
tion and respiratory insufficiency of variable degrees. All six indi-
viduals had upper and lower motor neuron signs and symptoms in 
the cranial, cervical and lumbar myotomes and thus met the revised 
El Escorial criteria for the clinical definition of ALS15.

Due to the early onset of the disease, a monogenic form of ALS 
was suspected. Next-generation or exome sequencing identified four 
heterozygous variants (two recurrent) in SPTLC1 (NM_006415.4) 
(Fig. 1a). All variants were absent in healthy individuals in the 
Genome Aggregation Database (gnomAD)16, were predicted to be 
damaging based on in silico models and impacted highly conserved 
amino acids (Supplementary Table 2 and Fig. 1c). Consistent with 
the sporadic occurrence of the disease, SPTLC1 variants occurred 
de novo (that is, were absent in the unaffected parents; Fig. 1b).

In an additional family (family 7) the SPTLC1 variant was inher-
ited (Fig. 1b and Supplementary Table 1). All affected offspring 
initially presented with diffuse lower motor neuron disease consis-
tent with a progressive muscular atrophy ALS phenotype2. At the 

time of the most recent examination, upper motor neuron findings 
were present in all but one affected offspring and were restricted 
to the lower extremities. None of the offspring had small or large 
fiber sensory abnormalities based on clinical examination or nerve 
conduction studies. In contrast, the father in the family had a mild 
sensorimotor axonal neuropathy. Irrespective of the variable mani-
festation between father and offspring, all patients in this family 
carried the same SPTLC1 variant (NM_006415.4:c.115_117delCTT, 
p.(L39del)), which was recurrent in two unrelated childhood ALS 
patients (patients 4 and 5; Supplementary Table 1).

Four patients had undergone a muscle biopsy, which demon-
strated acute and chronic neurogenic changes (Fig. 1d) consistent 
with motor neuron disease. Patient 3 also had a sural nerve biopsy 
that failed to reveal any abnormalities in myelinated or unmyelin-
ated sensory nerve fibers (Fig. 1e).

Imaging findings were also consistent with motor neuron dis-
ease. Skeletal muscle ultrasound in patients 1, 3 and 5 showed a 
patchy and striped pattern of increased echogenicity interposed 
with hypoechoic areas and diffuse fasciculations in the upper and 
lower extremities (Supplementary Video 2). Muscle magnetic reso-
nance imaging (MRI) in patient 1 showed global muscle atrophy 
and areas of heterogenous infiltration with T1 hyperintensity (Fig. 
1f), findings consistent with neurogenic changes in skeletal muscle.

One variant (SPTLC1 c.58 G > T) resulted in a single base-pair 
(bp) substitution adjacent to the splice acceptor site for exon 2 of 
SPTLC1, prompting us to evaluate its effect on messenger RNA 
splicing17. Rather than the predicted amino acid substitution 
p.(A20S), this variant predominantly resulted in complete skipping 
of exon 2, which is predicted to result in in-frame deletion of amino 
acids 20–56 comprising the entire first transmembrane domain of 
the SPTLC1 protein18. The other three ALS-associated SPTLC1 vari-
ants do not impact normal splicing (Extended Data Fig. 2) or sub-
cellular localization of the protein (Extended Data Fig. 3a).

The ALS-associated SPTLC1 variants identified all map to 
the same exon and are distinct from HSAN1-associated variants  
(Fig. 1a), suggesting a different biochemical effect on SPT activity. 
Thus, we next evaluated the consequences of our newly identified 
SPTLC1 variants on SPT activity and substrate preference.

ALS-associated SPTLC1 variants and SPT activity. Sera from 
patients with SPTLC1-related HSAN1 showed elevated levels of 
1-deoxysphingolipids (and deoxymethylsphingolipids) due to SPT 
substrate shift from l-serine to l-alanine (and glycine) (Fig. 2a). 
We assayed sphingolipids in serum samples from patients with 
ALS-associated SPTLC1 variants and failed to detect an increase in 
deoxysphingolipid levels. Instead, free sphinganine and circulating 
ceramide levels were increased compared to controls (Fig. 2b). Similar 
to these findings, modeling of the variants in HEK293 SPTLC1 knock-
out cells showed increased de novo synthesis of 1-deoxyceramides in 
the classic HSAN1 variant p.(C133W), while canonical SPT product 
levels were increased in ALS variants (Fig. 2c).

To model the SPTLC1-associated ALS variants in a more 
disease-relevant cell type, we used a recently described induced plu-
ripotent stem cell (iPSC) line that can be efficiently and uniformly 
differentiated into motor neuron-like cells with doxycycline supple-
mentation19. Using CRISPR, we created one iPSC line heterozygous 
for p.(F40_S41del), akin to patient 3 and another line compound 
heterozygous for p.(F40_S41del) and a deletion of exon 2 (the con-
sequence of the c.58 G > T variant), which would be predicted to 
further exacerbate the biochemical phenotype. After differentiat-
ing these into human lower motor neuron-like cells (iPSC-hMN) 
(Extended Data Figs. 3b,c and 4a,b), we evaluated their sphingolipid 
profile. ALS variant-containing iPSC-hMNs showed an increase 
in de novo synthesized sphingolipids compared to the wild-type 
(WT) isogenic control (Extended Data Fig. 4c). Sphingolipid 
levels were increased further in the compound heterozygous  
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iPSC-hMN. Thus, ALS-associated SPTLC1 variants result in unre-
strained SPT activity and distinctly differ from HSAN1 variants in 
their biochemical effects.

Serine supplementation and ALS-associated SPTLC1 variants. 
Serine supplementation is a current therapeutic strategy in HSAN1 
utilized to shift the equilibrium of SPT substrate use to the canoni-
cal l-serine from l-alanine and glycine20,21. This approach, however, 
is predicted to have no effect and possibly exacerbate the overpro-
duction of sphingolipids in the case of an unrestrained SPT com-
plex. Indeed, excess serine supplementation further increased the 
already elevated sphingolipid levels in mutant SPTLC1 iPSC-hMNs 
(Fig. 2d). This finding indicates that l-serine supplementation as 
a therapeutic strategy does not improve, and may worsen, the bio-
chemical phenotype in patients with SPTLC1-related ALS and thus 
should be avoided.

Loss of inhibitory effects of ORMDLs on mutant SPT. Similar to 
many enzymes, SPT activity is regulated by its downstream prod-
ucts. Homeostatic inhibition of SPT is readily observed by the 
addition of exogenous sphingosine22 or ceramides23 and requires 
ceramide synthase activity23 and the presence of ORMDL pro-
teins23–25 (Fig. 3a). Recent studies have identified a specific role 
for the first transmembrane domain of SPTLC1 in the homeo-
static regulation of SPT mediated by ORMDLs26. Thus, clustering 
of ALS-associated SPTLC1 variants in the first transmembrane 
domain of the protein (Fig. 3b) prompted closer evaluation of their 
effect on ORMDL-mediated regulation of SPT. Among ORMDL 
proteins we focused on ORMDL3, since its deficiency results in 
increased sphingolipid levels in the mouse central nervous system 
more than its analogs (Ormdl1 and Ormdl2)27. Consistently, ALS 
SPTLC1 variant-containing SPT did not respond to increasing 
levels of ORMDL3 or exogenously added ceramide as efficiently 
as WT SPTLC1-containing SPT (Fig. 3c,d and Supplementary  

Table 3). This suggests that ALS SPTLC1 variants diminish the 
homeostatic inhibitory effect of ceramides and ORMDLs on 
the SPT complex. This conclusion is strongly supported by the 
recently solved cryoelectron microscopy structure of the human 
SPT/ORMDL3 complex, which reveals that the first transmem-
brane domain of SPTLC1, where ALS variants cluster, makes 
extensive contact with the third membrane-spanning domain of 
ORMDL3 (refs. 28,29) (Fig. 3b).

Genetic and metabolic rescue by allele-specific knockdown. 
In mouse models, heterozygous null Sptlc1 mutants do not have 
a detectable phenotype9. Human SPTLC1 is also highly toler-
ant of heterozygous loss-of-function variants predicted to result 
in haploinsufficiency (gnomAD-observed/expected number of 
loss-of-function variants = 0.98)16. This suggests that a 50% reduc-
tion in total SPTLC1 transcript is still sufficient to meet metabolic 
demands provided that SPT can be appropriately regulated. Thus 
we designed and validated siRNAs that specifically target two 
ALS-associated SPTLC1 variants without affecting the WT allele. 
This approach successfully reduced mutant mRNA levels (Fig. 4a) 
and maintained little activity against the WT allele at siRNA con-
centrations nearly 100-fold higher than those maximally effective 
against the mutant allele (~1 nM) (Extended Data Fig. 5a). In addi-
tion, allele-specific knockdown of variant SPTLC1 restored the 
de novo sphingolipid synthesis rate to near normal levels, rescu-
ing the biochemical phenotype in vitro (Fig. 4b–d and Extended  
Data Fig. 5).

Discussion
Here we define monoallelic, dominantly acting SPTLC1 variants 
that cause a form of motor neuron disease that is best character-
ized as childhood ALS. ALS is a heterogeneous, neurodegenerative 
syndrome that invariably results in motor neuron degeneration and 
clinically manifests with upper and lower motor neuron signs and 
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symptoms. The majority of patients in our cohort first manifested 
with early-childhood-onset spasticity and toe walking, a clinical fea-
ture suggestive of a related upper motor neuron disorder, hereditary 
spastic paraplegia (HSP), in which spasticity typically is the lead-
ing feature throughout the disease course. However, in the patients 
reported here, this initial manifestation was almost universally fol-
lowed by diffuse and progressive lower motor neuron degeneration, 
including tongue fasciculations, which is highly unusual for clas-
sic forms of HSP but consistent with ALS. Complicated forms of 
HSP, in addition to lower extremity spasticity, may manifest with a 
broad range of neurodegenerative and non-neurologic phenotypic 

features; however, even in this group, diffuse motor neuron disease 
in the absence of broader neurodegeneration and extraneurologic 
organ system involvement is rare30. Thus, we propose classifica-
tion of our SPTLC1-associated disease entity as childhood-onset 
ALS. Despite its childhood onset and resulting severe disability, the 
rate of progression of SPTLC1-associated ALS is still slower than 
sporadic ALS and thus mirrors other juvenile-onset hereditary  
ALS cases31.

The specific pathogenicity of the four ALS-associated SPTLC1 
variants is strongly supported by genetic and functional data. The 
variants occurred de novo in six of seven families. Pathogenic 
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de novo variants are increasingly recognized as being responsible for 
apparent sporadic neurodevelopmental and neurodegenerative dis-
eases32. In addition, a distinct biochemical profile defines this class 
of SPTLC1 variants, which was universally confirmed in all four 
variants: enhanced SPT activity due to loss of ORMDL-mediated 
homeostatic inhibition, resulting in increased sphingolipid levels 
without change in their substrate specificity. Consistent with this, 
the variants cluster in the transmembrane domain of SPTLC1 criti-
cal for its interaction with ORMDLs. Lastly, allele-specific knock-
down of two of the variants rescued the abnormal biochemical 
signature (Fig. 4b–d and Extended Data Fig. 5). Taken together, 
these data support the probable pathogenic classification of these 
variants (Supplementary Table 2).

We encountered a divergence from the highly consistent ALS 
phenotype only in the father of the one familial occurrence in our 
series (family 7). All of the affected offspring in family 7 carried the 
recurrent p.(L39del) SPTLC1 variant (also seen in families 4 and 
5) and manifested with a phenotype that can formally be classified 

as ‘possible ALS’ or ‘suspected ALS’ based on the El Escorial crite-
ria15. Similar phenotypic variations have also been reported in other 
familial forms of ALS33,34. However, the father in this family, who 
carries the same SPTLC1 variant, has a sensorimotor neuropathy. 
We do not know the underlying mechanism of this surprising phe-
notypic divergence in the father. Potential modifiers of the pheno-
type in the father in this family include variants in other enzymes 
and transporters in the sphingolipid synthesis pathway, serine bio-
synthesis and catabolic pathways and the relative abundance of SPT 
amino acid substrates (that is, alanine and serine), which is cur-
rently under investigation.

A striking dichotomy of biochemical consequences of SPTLC1 
variants parallels the clinically distinct phenotypes of ALS and 
HSAN1. Classic HSAN1 typically manifests with progressive sen-
sory loss associated with elevated serum deoxysphingolipid levels. 
In contrast, the patients with ALS reported here presented with 
childhood-onset motor neuron disease, normal sensory findings (by 
clinical examination, electrophysiologic studies and nerve biopsy 
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when available) and normal deoxysphingolipid levels. Notably, 
distinct SPTLC1 variants (for example, p.S331F and p.S331Y) have 
been reported to manifest with a mixed sensorimotor neuropa-
thy35–37. Interestingly, biochemical studies of these variants show not 
only elevated deoxysphingolipid production but also increased SPT 
activity and altered canonical sphingoid base production38–40. Thus, 
the biochemical consequences of SPT variants determine its associ-
ated phenotypes with an apparent, though not mutually exclusive, 
dichotomy: elevated deoxysphingolipids cause sensory neuropathy 
while SPT overactivity causes motor neuron disease (Fig. 2a). We do 
not yet understand why motor and sensory neurons show selective 
vulnerability to distinct biochemical changes in sphingolipid syn-
thesis and homeostasis.

Overactivity of SPT and excess sphingolipid synthesis has impor-
tant implications for sporadic ALS. Studies have identified altered 
cerebrospinal fluid lipidomic signature in patients with sporadic 
ALS41,42 and have correlated complex glycosphingolipids and sphingo-
lipid metabolism with disease severity43,44. Together with our findings, 
these raise the possibility of a pathogenic role for disrupted sphingo-
lipid metabolism in sporadic ALS and posit sphingolipids as poten-
tial disease biomarkers for ALS. How excess sphingolipid synthesis 
relates to other known cellular disturbances in ALS remains to be 
investigated. In addition, systematic evaluation of large genomic data 
repositories of sporadic and familial ALS and related motor neuron 
disorders, such as HSP, may be helpful in identifying disease-causing 
or -modifying variants in SPT complex-associated genes.
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Inspired by recent advances in transcript-directed therapies, we 
show the feasibility of a genetic precision therapy approach using 
allele-specific siRNAs that selectively target the mutant SPTLC1 
allele and rescue the biochemical phenotype associated with unre-
strained SPT overactivity. Delivery of siRNAs to target cells—for 
example, motor neurons or glia, probably requires additional modi-
fications45 but, for a severe and progressive neurodegenerative dis-
ease in children, such an approach as part of a small clinical trial 
may be justified46. In addition, other therapeutic approaches that 
aim to reduce l-serine availability by reducing its de novo synthesis 
(for example, inhibitors of phosphoglycerate dehydrogenase47) or 
direct inhibitors of SPT (for example, l-cycloserine48) may also hold 
promise for future interventional studies.

In summary, we report SPTLC1 as a causative gene for ALS and 
propose a new metabolic mechanism for motor neuron disease due 
to unrestrained sphingoid base synthesis. We expand the disease 
associations for SPTLC1 by establishing a striking dichotomy of bio-
chemical and clinical consequences of distinct variant classes within 
the gene. Our allele-specific knockdown provides another example 
for the conceptual groundwork that spans from gene discovery to 
a mutation-specific therapeutic approach in small clinical trials for 
patients with a rare disease.
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Methods
Patient recruitment, clinical evaluations and sample collection. Patients were 
evaluated at different centers by neuromuscular specialists and medical geneticists 
as per the standards of clinical diagnosis and clinical care. A total of 11 patients 
(six female, five male), 8–62 years of age were evaluated. The patients were referred 
by their treating physicians to observational and biorepository research studies 
at different institutions. For the research studies (for example, skin biopsy for 
fibroblast cultures, research-based genetic testing, serum sample collection, muscle 
MRI images) we obtained written informed consent and age-appropriate assent 
from participants. Ethical approval for human subject research studies described 
in this paper was obtained from the following relevant institutional review boards: 
NIH/NINDS (protocol no. 12-N-0095), Washington University (protocol no. 
201308083), McMaster University (protocol no. REB 14-595-T) and University 
of Massachusetts (protocol no. 13788_10). Although the Awaji criteria are more 
sensitive49, we used the more specific revised El Escorial criteria to arrive at an 
ALS diagnosis15.

Genetic testing. The details of clinical and research genetic testing performed 
in each family with SPTLC1-associated amyotrophic lateral sclerosis are listed in 
Supplementary Table 4. Whole-exome sequencing or next-generation panel testing 
was performed in all cases. Confirmation of variants and segregation testing was 
performed by Sanger sequencing in all families. The SPTLC1 variants reported in 
this cohort are not found in the gnomAD, Decipher, Leiden or TopMed databases. 
An entry submitted to the GeneMatcher exchange identified a match with a 
patient with childhood-onset ALS-like disease but, unfortunately, a collaborative 
relationship did not form.

Plasmids. Plasmids containing human SPTLC1 and SPTLC2 complementary 
DNAs under the control of the CMV promoter were purchased from OriGene 
Technologies, Inc. Variants in human SPTLC1 (corresponding to exon 2 deletion, 
Y23F, del39 or del40-41 amino acids) were made by QuikChange mutagenesis 
(Agilent Technologies) and verified by sequencing. Plasmids expressing 
NubG-HA-tagged ssSPTa and NubG-HA-tagged human ORMDL3 were  
described previously50,51.

Cell culture and transfection and heavy serine labeling. HEK293 cells 
(American Type Culture Collection) were cultured in DMEM with high glucose, 
pyruvate and GlutaMAX (Gibco) supplemented with 10% fetal bovine serum 
(FBS), 100 units ml–1 penicillin and 100 μg ml–1 streptomycin. Transfections 
using Lipofectamine 2000 (Thermo Fisher) were performed according to the 
manufacturer’s instructions. Cells (6.5 × 105) were plated in six-well plates and, 
in all cases, transfected with an equivalent amount of SPT subunits (600 ng each 
of SPTLC1, SPTLC2 and ssSPTA). ORMDL3 plasmid concentration was varied 
from 0 to 600 ng (as indicated) and total transfected plasmid concentration was 
maintained using pcDNA plasmid. Cells were collected 24 h after changing the 
medium following transfection. In cases where deuterium-labeled serine (3,3-D2 
l-serine, DLM-161, Cambridge Isotope Laboratories) was used, it was added at 
3 mM for 24 h before harvesting. Cells were scraped, washed with PBS and spun. 
The cell pellet was suspended in PBS and divided into either glass tubes for lipid 
extraction or Eppendorf tubes for protein quantification.

Dermal fibroblast cultures, RNA extraction, real-time PCR and siRNA 
transfection. Fibroblasts were derived and expanded from skin biopsies of 
patients as previously described52. Briefly, cells were expanded in high-glucose 
DMEM (Sigma) supplemented with 10% FBS and penicillin/streptomycin. QIAzol 
Lysis Reagent (Qiagen, no. 79306) was used for cell lysis and chloroform (1:5 v/v 
QIAzol) was added and mixed. The mixture was spun down at 12,000g for 20 min 
at 4 °C, the aqueous phase placed in a new tube and isopropanol (1:2 v/v QIAzole) 
was added to precipitate RNA. The pellet was washed with 75% EtOH solution 
and allowed to dry in air before resuspension in water. Quantification of RNA 
concentration was performed using a Nanodrop 2000 Spectrophotometer. Reverse 
transcription was performed using qScript XLT cDNA Supermix (Quantabio, no. 
95161) according to the manufacturer’s protocol, with 500 ng of RNA.

Real-time PCR was performed using FastStart Universal Master-mix (Roche) 
with primers and probes specified in the section below, using 10-μl reactions 
in quadruplicate using a QuantStudio 6 Flex machine (Thermo Fisher). PCR 
parameters consisted of a primary heating stage at 50 °C for 2 min followed 
by 95 °C for 10 min, after which 40 cycles of 95 °C for 15 s and 60 °C for 1 min 
were performed. Linear fold change values were calculated using the ΔΔcycle 
threshold (ΔΔCt) method with PGK1 as an internal control, averaged from the 
replicates and normalized to untreated cells from each cell line. For the del40_41 
allele, we were able to design and validate mutant-specific primers but were 
unable to obtain specific primers that amplified only the WT allele. Thus we 
compared the results using mutant-specific primers and total SPTLC1 primers 
to evaluate allele specificity, with a target reduction in total SPTLC1 transcript of 
50%. All primers are listed in High-performance liquid chromatography and mass 
spectrometry analysis.

For mass spectrometry and lipidomics experiments in fibroblasts, siRNA 
transfection was performed using 0.5 μl cm–2 Lipofectamine RNAiMAX 

Transfection Reagent (Thermo Fisher, no. 13778030) in Opti-MEM (Thermo 
Fisher, no. 31985-070). The siRNA concentration was 10 nM for 72 h unless 
otherwise specified. Fibroblasts were labeled with deuterium-labeled serine 
(3,3-D2 l-serine, DLM-161, Cambridge Isotope Laboratories) (Fig. 4b–d) at 3 mM 
for 24 h before harvesting, or with isotope-labeled D3-15N-l-serine (1 mM) and 
D4-l-alanine (2 mM) (Cambridge Isotope Laboratories) for 16 h before harvest 
(Extended Data Fig. 5).

iPSC culture. The control iPSC line WTC11 used for all experiments53 was 
previously engineered with an inducible motor neuron transcription factor 
construct19. iPSCs were cultured on Matrigel-coated (Corning, no. 354277) 
polystyrene tissue culture plates in E8 flex medium (Thermo Fisher, no. 
A2858501). Medium change was performed every 1–3 days, and cells were 
dissociated with Accutase (Invitrogen, no. A1110501) and passaged every 4–6 days. 
Passaged cells were supplemented for 1–2 days with 10 µM ROCK inhibitor (Tocris, 
no. 1254) to facilitate survival.

Generation of HEK293 SPTLC1 knockout cells and complementary assays. 
HEK293 cells were cultured in DMEM (Sigma-Aldrich)) with 10% fetal calf 
serum. Cells were grown at 37 °C in a 5% CO2 atmosphere. HEK293 SPTLC1 
knockout cells were generated using CRISPR–Cas9 technology. HEK293 cells 
were transfected with an all-in-one vector cassette, pLenti-sgRNA-Cas9-GFP 
(Sigma-Aldrich). Single colonies were identified and propagated for identification 
of deletion clones in 24 wells. Frameshift mutations introducing a premature stop 
were confirmed by sequencing and assessed by immunoblot.

Standard molecular biology techniques were used for the generation of 
V5-epitope-tagged missense ALS mutations in a pcDNA3.1-SPTLC1 backbone39. 
Transgenic cells expressing the vector, WT SPTLC1 or mutants were selected for 
growth in DMEM medium containing 400 µg ml–1 Geneticin (Thermo Fisher). 
Expression of WT and mutant SPTLC1-V5 proteins in knockout cells was 
confirmed by immunoblotting.

The l-serine labeling assay and SPT activity measurements were performed 
as previously described54. Cells were grown to 70–80% confluence in DMEM 
growth medium. The medium was changed to l-serine-free DMEM (Genaxxon 
Bioscience) containing 10% FBS and 1% penicillin/streptomycin supplemented 
with isotope-labeled D3-15N-l-serine (1 mM) and D4-l-alanine (2 mM) (Cambridge 
Isotope Laboratories), and cells were grown for a further 16 h (Fig. 2c). 
C6-ceramide supplementation was done in the labeling medium for the duration of 
the assay (Fig. 3c).

CRISPR–Cas9 editing of SPTLC1 in iPSCs. To derive the c.40_41del patient 
mutation knock-in lines, WTC11 iPSCs were seeded in a six-well plate at 
600,000 cells per well in E8 medium with RevitaCell supplement (Invitrogen). 
Thirty minutes later, iPSCs were transfected by a mixture of 200 µl of 
Opti-MEM (Invitrogen), 4 µl of Lipofectamine Stem Reagent (Invitrogen), 
20 pmol of single-guide RNA (Synthego) targeting exon 2 of SPTLC1 
(5’-AAAGAAGUCUGAUUAUCCAG-3’) and 1,800 ng of eSpCas9-GFP mRNA. 
A WY and a c.40_41del mutant ssODN (IDT) were included in the transfection as 
repair templates, and these contained a silent ATC-to-ATA mutation (underlined) 
that blocks the Cas9 PAM site to prevent recutting:

c.40_41del mutant s sO DN: A GG TGTTAGAAGTGTATGTTTCATATCTTACT
TGTTTTTGACTCACTCTTAGGCTCCTGCTTACCATCTTATTTTGGAAGGG
ATTCTGATACTCTGGATAATCAGACTTCTTAAGACTTACAAATTACAAGAA
CGATCTGATCTTACA.

GFP+ cells were individually sorted by fluorescent activated cell sorter into 
Matrigel-coated 96-well plates with 100 µl of E8 Flex and CloneR supplement 
(STEMCELL Technologies). Surviving clones were expanded after 10 days and 
genomic DNA was harvested. Clones were screened by PCR and restriction 
digest to evaluate for the AflII site created by the c.40_41del variant. We 
identified one clone, Del40_41;E2del, which contained the intended c.40_41del 
mutation on one allele and a 71-bp deletion on the other, resulting in the 
in-frame deletion of exon 2. This clone showed no genomic abnormalities by 
g-banded karyotype analysis (WiCell) and was used in experiments where 
mentioned. Both Del40_41 and E2del mutations were sequence confirmed 
in cDNA obtained from the iPSCs and after differentiation to human motor 
neurons. The other clones obtained were lacking the c.40_41del mutation and 
harbored a mixture of WT and insertion/deletion (indel) mutations. To generate 
a monoallelic c.del40_41 knock-in, we selected two clones that retained one WT 
allele and had an indel on the other allele, allowing allele targeting with new 
indel-specific CRISPR–Cas9 gRNAs (5’-CUUAGAGAAAAGACUUACAG-3’ 
or 5’-GAGAAAAGAAGUCUGAUUAG-3’) and the c.40_41del mutant ssODN. 
Subclones were screened with AflII digestion, sequence verified to confirm the 
presence of the c.40_41del mutant on one allele and analyzed for karyotypic 
abnormalities to yield the final Del40_41 line. Genotyping and sequencing of 
genomic DNA primers are listed in Supplementary Table 5.

Spinal motor neuron differentiation from iPSCs. iPSCs were differentiated into 
spinal motor neurons, essentially as previously described19. The WTC11 iPSC line 
used here was previously modified to harbor a doxycycline-inducible construct 
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containing the motor neuron transcription factor combination of NGN2, ISL1 
and LHX3. Briefly, cells were plated in neural differentiation medium (NDM) at 
20,000 cells cm–2 on Matrigel-coated dishes with 10 µM ROCK inhibitor. NDM 
consisted of 1:1 DMEM/F12 and Neurobasal, 1× B27 and 1× N2 (all Invitrogen) 
and 1× GlutaMAX (Gibco). For the first 8 days, NDM was supplemented with 
1 µM retinoic acid (Sigma) and 2 µg ml–1 doxycycline (Clontech). On day 2, cells 
were replated onto polyethylenimine/laminin-coated dishes at 50,000 cells cm–2. 
From day 8, NDM was supplemented with 10 ng ml–1 BDNF and NT-3 (Fisher). 
Full medium changes were performed every other day until day 8, after which 
half the medium was changed twice weekly. For mass spectrometry experiments, 
differentiated iPSCs were labeled with deuterium-labeled serine (3,3-D2 l-serine, 
DLM-161, Cambridge Isotope Laboratories) at 3 mM concentration 24 h before 
harvesting (Extended Data Fig. 4c).

Immunocytochemistry and confocal microscopy. Cells were washed in 
Dulbecco’s PBS (DPBS) then incubated in 4% paraformaldehyde for 10 min at 
room temperature. Fixation was quenched using 0.1 M glycine solution for 5 min, 
followed by two washes with DPBS. Cells were permeabilized in 0.25% Triton 
X-100 for 5 min and blocked in 10% goat serum for 1 h at room temperature. 
Primary antibodies in 3% goat serum were then applied overnight at 4 °C and 
washed three times before incubation with secondary antibody in 3% goat serum 
for 1 h at room temperature. Cells were washed, stained with DAPI and mounted 
with Fluoromount (Thermo Fisher). Images were taken using a Leica TSC SP5 II 
confocal microscope.

Immunoblotting. Cell lysate was prepared by lysing cells in 1× (150 mM 
NaCl, 25 mM Tris-HCl pH 7.5, 1 mM EDTA, 5% glycerol and 1% NP-40) with 
protease inhibitor cocktail (cOmplete protease inhibitor, Sigma-Aldrich). Protein 
quantification was performed using the BCA assay (Thermo Fisher). Equal 
amounts of protein were boiled in 1× LDS Sample Buffer (Thermo Fisher) and 
0.1 mM DTT. Samples were resolved by electrophoresis on a NuPAGE Novex 
4–12% Bis-Tris Gel (Invitrogen) and transferred to a polyvinylidene difluoride 
membrane. The membrane was blocked with 5% milk in TBS for 1 h before 
primary antibody incubation overnight. The membrane was then washed and 
probed with secondary antibody. Bands were visualized using the Odyssey system 
(LI-COR) and Image Studio (LI-COR).

High-performance liquid chromatography and mass spectrometry analysis. 
Pelleted cell or serum (0.1–0.2 mg of cell lysate or 20 μl of serum) was mixed with 
1 ml of methanol containing 62.5 pmol of internal standards (Avanti Polar Lipids, 
no. LM6002), bath sonicated for several minutes and 0.5 ml of chloroform added. 
The mixture was incubated overnight at 48 °C. After a brief spin to pellet and 
remove insoluble material, the sample was dried under nitrogen. The dried sample 
was dissolved in 0.3 ml of mobile phase A and B at 80:20 (v/v), bath sonicated 
for dispersal, centrifuged to clarify and transferred to a high-performance liquid 
chromatography (HPLC) and mass spectrometry analysis vial for analysis. 
Typically, 5–20 μl of each sample was injected. The HPLC mobile-phase solvents 
used were (A) CH3OH:H2O:CH2O2 (74:25:1, v/v/v with 10 mM ammonium 
formate) and (B) CH3OH:CH2O2 (99:1, v/v with 10 mM ammonium formate). 
Samples were analyzed using an Agilent 1200 Series HPLC coupled to an ABSciex 
QTRAP 4000 MS. The column (150 mm × 4.6 mm × 5 μm Supelco Discovery BIO 
Wide Pore C18 HPLC Column) was pre-equilibrated with A/B (80:20 v/v) and 
held for 2 min after injection at 1 ml min–1. Flow rate was increased to 100% B at 
7 min, held for 20 min and quickly returned to 80:20 and held for 2 min before the 
next injection. The mass spectrometer was set to detect compounds in multiple 
reaction monitoring (MRM) mode in a dual-period run, with long-chain bases 
detected in each run (3–9.2 min) and each class of sphingolipid (Cer, GluCer, 
LacCer, SM) detected in separate runs (9.2–30 min). MRM parameters are 
described previously55. Compounds were quantified based on the ratio of the 
peak to the known concentration of the representative internal standard using the 
ABSciex Analyst program. Each sample was normalized to protein concentration 
(or volume for serum). Serum samples (Fig. 2b) and cell pellets from iPSC-derived 
human motor neurons (Fig. 2d and Extended data Fig. 4c) and siRNA-treated 
fibroblasts (D2-serine supplemented; Fig. 4) were deidentified, and mass 
spectrometry and quantification were performed blinded (laboratory of T.M.D). 
For sphingolipid species at very low levels (for example, free deoxy long-chain 
bases) in control samples, automated peaks and quantification were inspected for 
accuracy and samples were remeasured if quantification was deemed unreliable.

Untargeted sphingolipidomic analysis of D3-15N-l-serine- and 
D4-alanine-labeled lipids was carried out essentially as previously described54 
(laboratory of T.H). Frozen cell pellets were resuspended in 50 μl of PBS and 
extracted with 1 ml of methanol/methyl-tert-butyl ether/chloroform (MMC) 
(4:3:3, v/v/v) containing D7SA (d18:0), D7SO (d18:1), dhCer (d18:0/12:0), 
ceramide (d18:1/12:0), glucosylceramide (d18:1/8:0), SM (d18:1/18:1(D9)) and 
D7-S1P. Lipid extraction was performed with continuous shaking of samples in a 
Thermomixer (Eppendorf) at 37 °C (once, 400 r.p.m., 30 min). The single-phase 
supernatant was collected, dried under N2 and dissolved in 70 μl of methanol. 
Untargeted lipid analysis was performed on a high-resolution Q-Exactive MS 
analyzer (Thermo Fisher).

Antibodies, primers and siRNA sequences. The antibodies, primers and siRNA 
sequences used are listed below.
•	 Antibodies for immunocytochemistry (dilution):
•	 Anti-HB9 antibody, Developmental Studies Hybridoma Bank, catalog no. 

81.5C10 (1:10)
•	 Anti-Choline Acetyltransferase, Aves Labs, catalog no. 6727986 (1:1,000)
•	 Beta-III-Tubulin (Tuj1), Covance, catalog no. MMS-435P (1:5,000)
•	 SPTLC1, BD Biosciences, catalog no. 611304 (1:1,000)
•	 TDP-43, Proteintech, catalog no. 12892-1-AP (1:1,000)
•	 Antibodies for immunoblotting (dilution):
•	 GAPDH, Millipore, catalog no. MAB374 (1:10,000)
•	 SPTLC1, BD Biosciences, catalog no. 611304 (1:5,000)

Primer, probe and siRNA sequences used in this paper are listed in 
Supplementary Tables 5 and 6.

Statistics and reproducibility. Ordinary one-way analysis of variance (ANOVA) 
with Tukey’s adjustment for multiple comparisons was used to compare the 
effect of different SPTLC1 variants (Fig. 2c), sphinganine levels in iPSC-hMNs 
with serine supplementation (Fig. 2d) and siRNA transfection in fibroblasts on 
long-chain bases and sphingolipid de novo synthesis (Fig. 4b–d). Homoscedasticity 
in these datasets was confirmed by Bartlett and Brown–Forsythe tests. Data were 
not transformed before statistical analysis. The inhibitory effects of increasing 
ORMDL3 on SPT activity were modeled using a normalized response (that 
is, sphinganine concentration normalized to baseline as a percentage) versus 
ORMDL3 plasmid amount. Half-maximal inhibitory concentration values and 
corresponding 95% confidence intervals were calculated from the nonlinear least 
squares fit model (Table 3).

Representative micrographs. The micrographs shown in Fig. 1d,e are 
representative images of a single diagnostic muscle biopsy and nerve biopsy 
specimen in each indicated patient. No independent replicates were performed. 
The PCR and agarose gel electrophoresis images shown in Extended Data Fig. 2a 
were independently replicated three times, with similar results. The micrographs in 
Extended Data Fig. 3a,b are from a single plating and immunostaining experiment 
for each line. The micrographs in Extended Data Fig. 4a are representative of two 
independent differentiation and immunostaining experiments. Representative 
electron microscopy images were obtained from a single plating and differentiation 
experiment into four replicate wells per iPSC line.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data and material generated and analyzed within the main figures and 
supplementary material of this study are available upon request from the authors. 
All requests for raw and analyzed data and materials related to this article will be 
reviewed by the respective institution to verify whether the request is subject to 
any intellectual property or confidentiality obligations. Some patient-related data, 
including genetic sequencing data, not included in the paper or its supplements 
were generated as part of clinical care and may be subject to patient confidentiality. 
Any data and materials that can be shared will be released via a material transfer 
agreement. The following databases were searched for the presence of variants 
reported in this paper: the Genome aggregation database (https://gnomad.
broadinstitute.org), the Decipher database (https://www.deciphergenomics.org), 
the Leiden database (https://www.lovd.nl) and the TopMed database (https://bravo.
sph.umich.edu/freeze8/hg38/).
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Extended Data Fig. 1 | Sphingolipid biosynthesis pathway. Serine palmitoyltransferase (SPT) catalyses the first and rate-limiting step in sphingolipid 
biosynthesis. The most abundant acyl-CoA used by SPT is palmitoyl-CoA, which after condensation with L-serine results in an 18-carbon long-chain 
base, 3-dehydrosphinganine. 3-dehydrosphinganine is rapidly reduced by 3-dehydrosphinganine reductase (KDSR) to form dihydrosphingosine 
(sphinganine). Sphinganine is acylated by a variety of ceramide synthases (CerS) to form dihydroceramides, which can be converted to ceramides 
by sphingolipid desaturase (DEGS). Many complex sphingolipids can be synthesized from a ceramide backbone. However, the only true exit from 
the pathway depends on activity of sphingosine kinase (SK) and sphingosine-1-phosphate aldolase (SGPL) to form phosphoethanolamine. SGPP = 
sphingosine-1-phosphate phosphatase.
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Extended Data Fig. 2 | SPTLC1 variant associated with amyotrophic lateral sclerosis and their effects on splicing. a, Gel electrophoresis of PCR 
amplification of cDNA obtained from patient fibroblast cultures or whole blood. Fibroblasts were not available for c.58G>T patient. PCR primers were 
in exon 1 and 6 of SPTLC1 (NM_006415.4). SPTLC1 c.58G>T variant resulted in two bands with an apparent difference of ~100 bp. All other variants and 
controls resulted in a single band. b, Sequencing of the gel purified PCR product showed that the c.58G>T variant resulted in complete skipping of exon 2 
(lower band). Neither the full-length product (upper band) nor the internally deleted transcript (lower band) contained the c.58G>T variant. However, it is 
possible that the missense variant exists in very small amounts and escaped amplification by PCR and sequencing. All other variants were confirmed and 
do not affect splicing.
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Extended Data Fig. 3 | Amyotrophic lateral sclerosis associated variant SPTLC1 cellular localization. a, Immunostaining for SPTLC1 in patient derived 
fibroblast cultures shows normal subcellular localization in these cells, with an apparent distribution in the endoplasmic reticulum. Immunostaining 
for TDP43 also appears normal. Scale bar=40 μm b, Immunostaining for SPTLC1 in iPSC-derived human motor neurons with p.F40_S41 variant do not 
show any changes in its subcellular localization. Scale bar=20 μm c, Western blot of SPTLC1 in iPSC-derived human motor neurons confirms comparable 
expression levels in p.F40_S41 line and its isogenic control. Two independent differentiation experiments followed by western blotting were performed 
with similar results.
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Extended Data Fig. 4 | Induced pluripotent stem cell-derived human motor neurons (iPSC-hMN) with SPTLC1 ALS variants. a, After differentiation by 
addition of doxycycline, SPTLC1 mutant iPSC-hMNs, one with heterozygous SPTLC1 p.F40_S41del variant and the other with compound heterozygous 
variants SPTLC1 p.F40_S41del; E2del (complete deletion of exon 2) and their isogenic control assume neuronal morphology. They express choline 
acetyltransferase (ChAT), Hb9 (a motor neuron specific transcription factor) as well as Tuj1 (neuronal microtubule marker). Scale bar = 20 μm b, Electron 
microscopy of iPSC-hMNs shows normal neuronal cell body morphology, nuclear heterochromatin, and organelles. In the processes (right), microtubules 
and occasional mitochondria and vesicles are noted. Scale bar left = 1 μm, middle and right = 200 nm. c, Sphingolipidomic analysis of de novo sphingolipid 
synthesis using isotope labelling (with 3,3-D2 L-serine) depicted in the form a heatmap with each row representing a sphingolipid species. Row Z-scores 
were calculated and depicted in colour. Canonical sphingolipids ceramides and glucosyl ceramides (glucCer) are increased in p.F40_S41del iPSC-hMNs 
compared to their isogenic control and increase further in the double mutant iPSC-hMNs. The bar graphs show the increase in total 2+ long-chain bases 
(LCB), ceramides (Cer), and glucosyl ceramides (GlucCer).
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Extended Data Fig. 5 | Allele specific knockdown of variant SPTLC1 mRNA. a, The two allele-specific siRNAs targeting the L39del and F40_S41del  
alleles do not reduce SPTLC1 mRNA levels in control cells at concentrations as high as 100nM. Error bars are SEM. Four replicates were performed.  
b, Sphingolipidomic analysis of patient derived fibroblasts with SPTLC1 ALS variants (F40_S41del and two patient lines with L39del) after treatment with 
10 nM allele-specific siRNA targeting each corresponding variant were analysed and compared to control fibroblasts. Following the knockdown, the cells 
were labeled with D3,15N-L-serine and D4-L-alanine. The de novo synthesized +3 ceramide and sphingomyelin levels show a reduction in patient cells when 
treated with variant-specific siRNAs. Error bars are SEM. Three replicates were performed.
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