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SPHINGOSINE PHOSPHATE LYASE GUARDS THE 
EXIT OF THE SPHINGOLIPID DEGRADATIVE 

PATHWAY

Sphingolipids represent a diverse and ubiquitous class 
of lipids discovered in 1884 by Thudichum, who named 

Abstract  Sphingosine phosphate lyase (SPL) is 
the final enzyme in the sphingolipid degradative 
pathway, catalyzing the irreversible cleavage of 
long-chain base phosphates (LCBPs) to yield a 
long-chain aldehyde and ethanolamine phosphate 
(EP). SPL guards the sole exit point of sphingo-
lipid metabolism. Its inactivation causes product 
depletion and accumulation of upstream sphin-
golipid intermediates. The main substrate of the 
reaction, sphingosine-1-phosphate (S1P), is a bio-
active lipid that controls immune-cell trafficking, 
angiogenesis, cell transformation, and other funda-
mental processes. The products of the SPL reaction 
contribute to phospholipid biosynthesis and pro-
grammed cell-death activation. The main features 
of SPL enzyme activity were first described in de-
tail by Stoffel et al. in 1969. The first SPL-encod-
ing gene was cloned from budding yeast in 1997. 
Reverse and forward genetic strategies led to the 
rapid identification of other genes in the pathway 
and their homologs in other species. Genetic ma-
nipulation of SPL-encoding genes in model organ-
isms has revealed the contribution of sphingolipid 
metabolism to development, physiology, and host-
pathogen interactions. In 2017, recessive mutations in the human SPL gene SGPL1 were identified as the cause of a novel in-
born error of metabolism associated with nephrosis, endocrine defects, immunodeficiency, acanthosis, and neurological 
problems. We refer to this condition as SPL insufficiency syndrome (SPLIS).  Here, we share our perspective on the 50-year 
history of SPL from discovery to disease, focusing on insights provided by model organisms regarding the pathophysiology of 
SPLIS and how SPLIS raises the possibility of a hidden role for sphingolipids in other disease conditions.—Saba, J. D. Fifty 
years of lyase and a moment of truth: sphingosine phosphate lyase from discovery to disease. J. Lipid Res. 2019. 60: 456–463.
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them for the functional enigma they posed (1). By the 
1960s, sphingolipids were recognized as normal constituents 
of the plasma membrane, myelin sheath, and plasma and 
known to accumulate in patients with sphingolipidoses, 
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storage disorders caused by inborn errors of sphingolipid 
metabolism.
Sphingolipid structure is centered on a long-chain base 

(LCB) backbone. In mammalian cells, the most prevalent 
LCB is sphingosine. The LCB anchor can be modified by 
the addition of polar headgroups at the C1 position and 
acylation of the free amino group, generating a vast array 
of sphingolipid species. In 1969–1970, Stoffel and col-
leagues published a series of reports mapping the final 
metabolic fate of sphingolipids in the yeast Hansenula cifer-
rii (2, 3). Using radioactive precursors, they showed that all 
sphingolipids are ultimately degraded to LCBs. Degrada-
tion of LCBs involved an initial phosphorylation (suggested 
by an ATP requirement). We now know that this step is 
catalyzed by sphingosine kinases and yields LCB phos-
phates (LCBPs), including the prolific bioactive lipid, 
sphingosine-1-phosphate (S1P), which ligates a family of G 
protein-coupled receptors [S1P receptors (S1PRs)] that 
play key roles in development, physiology, and immunol-
ogy. In the final metabolic step, LCBPs are cleaved, yield-
ing ethanolamine phosphate (EP) and a corresponding 
long-chain aldehyde. Both products are further metabo-
lized to carbon dioxide or reutilized in the synthesis of 
phospholipids (2). In particular, the aldehyde product is 
reutilized in the formation of plasmalogens (2).

SPHINGOSINE PHOSPHATE LYASE IS A PYRIDOXAL 
5′-PHOSPHATE-DEPENDENT ENZYME

Stoffel et al. demonstrated that the enzyme responsible 
for the final cleavage reaction was enriched in the endo-
plasmic reticulum (ER) (2). Its topology in the ER mem-
brane with its catalytic site facing the cytosol was later 
described (4). The enzyme was recently crystallized and 
shown to function as a homodimer (5). Stoffel et al. named 
the enzyme “dihydrosphingosine-1-phosphate aldolase 
(sphinganine-1-phosphate alkanal-lyase)” (2). Based on 
the similarity of the reaction to that catalyzed by pyridoxal 
5′-phosphate (PLP)-dependent threonine and allothreo-
nine aldolases, he hypothesized and proved that the lyase 
reaction requires PLP. Stoffel et al. also showed that the 
cleavage of LCBPs was an irreversible step (2). Thus, sphin-
gosine phosphate lyase (SPL) guards the sole exit point of 
sphingolipid metabolism.

CLONING OF DPL1 PROVIDES INSIGHT  
AND A GENETIC SCREEN TO IDENTIFY  

SPL-ENCODING GENES

Evolutionary conservation of sphingolipids allowed the 
cloning of the first SPL gene, DPL1, from Saccharomyces cere-
visiae using a genetic screen for sphingosine resistance (6). 
Disruption of DPL1 conferred profound sensitivity to LCBs, 
creating a facile screen to identify other SPL genes and 
isolate suppressors (Fig. 1). The identification and genetic 
manipulation of SPL-encoding genes that followed re-
vealed many biological functions of SPL, which appears to 
be encoded by a single gene in every genome in which it 
has been identified.

In addition to exhibiting a profound sensitivity to LCBs 
and calcium, dpl1 accumulated LCBPs and was resistant 
to heat shock and nutrient deprivation, suggesting a pro-
tective role for LCBPs (7, 8). However, when combined 
with mutations in S1P phosphatase—identified as a high-
copy dpl1 suppressor (9)—dpl1 was lethal, accumulating 
massive amounts of LCBPs and exhibiting disrupted cal-
cium homeostasis (8, 10). Thus, inhibition of SPL and 
LCBP accumulation may have positive consequences. How-
ever, there seems to be a sweet spot beyond which toxicity 
occurs. The latter could be due to toxic effects of very high 
levels of LCBPs or upstream sphingolipid intermediates. 
Alternatively, lethality could be due to an indirect effect on 
global sphingolipid homeostatic regulatory networks. Sphin-
golipid biosynthesis is tightly controlled by ORM proteins, 
which inhibit the rate-limiting sphingolipid biosynthetic 
enzyme serine palmitoyltransferase (SPT) (11). Complete 
inhibition of sphingolipid degradation could result in feed-
back signals that prevent de novo biosynthesis of essential 
sphingolipids needed for membrane stability and organiza-
tion. The recognition of SPL inhibition as a double-edged 
sword reappears as a consistent theme from yeast to man.

INVERTEBRATE MODELS REVEAL SPL TO BE 
ESSENTIAL FOR LIFE

In Caenorhabditis elegans, silencing the SPL gene spl-1 re-
sults in semilethality, delayed development, and reproduc-
tive defects. Worms lacking SPL are sluggish, starved, and 
pump food poorly, characteristics of aging in nematodes 

Fig.  1.  Effects of 1 mM d-erythro-sphingosine on BST1/
DPL1 overexpression and bst1/dpl1 yeast strains. Dilu-
tions across are 0, 1:2, 1:4, 1:40, 1:400, and 1:4,000. 
Lanes 1–6 represent six different bst1/dpl1 strains. 
Lane 7 represents the BST1/DPL1 overexpression 
strain JS14. Lane 8 represents WT SGP3. Reproduced 
with permission from ref. 6.
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and consistent with the identification of Spl-1 in a C. elegans 
screen for genes that prevent accelerated aging (12).

The Sply gene encodes fruit fly SPL (13). Sply-null larvae 
exhibit semilethality; the rare larvae that survive to adult-
hood exhibit reproductive defects and are flightless due to 
abnormal flight muscle patterning and neuromuscular 
junction defects (14). Interestingly, Sply mutant pheno-
types are attenuated when sphingolipid biosynthesis is sup-
pressed (13). This suggests that Sply mutants represent a 
sphingolipidosis that can be ameliorated by substrate de-
pletion strategies.

Sgpl1 REPORTER AND KO MICE ILLUSTRATE SPL’S 
ROLES IN MAMMALIAN PHYSIOLOGY

Sgpl1 LacZ reporter mice reveal the ubiquitous expres-
sion of mammalian SPL (15) (Fig. 2). Specific patterns, 
such as rich expression in the thymic reticular network, 
gut epithelium, sebaceous glands, corticomedullary region 
and pelvis of the kidney, discrete olfactory bulb ganglia, 
spinal cord gray matter, and cranial nerves, intimate myr-
iad undiscovered roles for SPL in mammalian physiology.

Global Sgpl1 disruption causes runting and early 
death (16) (Fig. 3). Sgpl1 KO (SPL KO) mice accumulate 
sphingolipids, triglycerides, and cholesteryl esters (17). 
They exhibit lymphopenia, thymic atrophy, neutrophilia, 
anemia, nephrosis (excessive protein loss in the urine), in-
creased cortical bone thickness, and rare developmental 
phenotypes often involving vascular structures (16–20). 
[SPL is a target of the platelet-derived growth factor path-
way, which controls vascular integrity, skeletal patterning, 
and glomeruli development (16).]

Conditional SPL KO mice live longer and have, thus, al-
lowed deeper investigation of SPL’s functions. S1P-medi-
ated activation of S1PR1 on mature lymphocytes mediates 
their egress from the thymus (21). An S1P chemotactic gra-
dient between tissues where S1P is low and blood where it 
is high is needed to enable T-cell egress, exemplified by the 
gradient disruption and lymphopenia in SPL KO mice (22). 
Dendritic cell-specific SPL KO mice recapitulate the lym-
phopenia of global KO mice. This reveals the importance 
of SPL metabolic activity within dendritic cells (a tiny popu-
lation of resident thymic cells located at the site of egress) 
in generating the S1P gradient (23). SPL is influenced by 
stress conditions, raising the possibility that, as dendritic 
cells patrol the body in search of danger-associated anti-
gens, modulation of their SPL activity could regulate lym-
phocyte egress in response to environmental conditions.
Neural-specific SPL KO mice accumulate LCBs/LCBPs 

in the brain and exhibit deficits of spatial learning, memory, 
and motor function (24). These defects are accompanied 
by presynaptic pathology and reduced synaptic plasticity as-
sociated with a calcium-dependent induction of the un-
folded protein response. Consistent with these findings, S1P 
is known to exhibit neurotoxic activity (25). However, S1P 
is also needed for synaptic transmission (26). Tight regula-
tion of sphingolipid metabolism in precise tissue compart-
ments may be critical to support healthy neuronal function.

SPL produces EP, which can be incorporated into phos-
phatidylethanolamine (PtdE). PtdE plays a key role in au-
tophagy, which neurons use to clear protein aggregates. 
Cultured SPL KO neurons exhibit a block in autophagic 
flux that is alleviated by exogenous PtdE (10, 27). Thus, 
neuronal SPL may facilitate autophagic clearance of mis-
folded proteins and protein aggregates associated with ag-
ing and age-related neurodegeneration.

SPL is also essential for kidney, skin, and platelet func-
tions, as was shown by the nephrosis, podocyte effacement, 
skin irritation, and increased platelet activation in an in-
ducible SPL KO mouse (28).

DISCOVERY OF SPLIS, A NEW INBORN ERROR OF 
SPHINGOLIPID METABOLISM

In 2017–2018, a novel human syndrome associated with 
inactivating SGPL1 mutations was discovered by diagnostic 
genome sequencing (14, 29–33). We refer to this condition 
as SPL insufficiency syndrome (SPLIS). The most severely 
affected suffered from hydrops fetalis and/or perinatal 
death. Others presented with congenital nephrotic syn-
drome, adrenal insufficiency, and/or neurological symptoms 
(developmental delay or regression, ataxia, cranial nerve 
defects, seizures, and peripheral neuropathy) (Fig. 4). Some 
exhibited hypothyroidism, ichthiosis, immunodeficiency, 
cranial nerve palsies, bony abnormalities, hypocalcemia, 
gonadal defects, and other birth defects. Another case of pri-
mary adrenal insufficiency caused by SGPL1 mutations was 
recently reported (34). We are also aware of five additional 
unreported cases of SPLIS (unpublished observations).

SPLIS mutations were varied and included nonsense 
mutations, splicing defects, and missense mutations. All 
were associated with low to undetectable SPL abundance 
and activity. Mutations were distributed throughout the 
polypeptide sequence. Cellular findings suggested that 
many SPLIS missense mutations induce protein instability 
and rapid clearance due to misfolding, a common defect of 
inborn errors of metabolism (35).
SPLIS patient blood and fibroblast cultures accumulated 

sphingolipids (14, 29–33). S1P and sphingosine were ele-
vated, whereas ceramides and other sphingolipid levels 
were variably affected. Changes in the level and composi-
tion of ceramides may be relevant to SPLIS skin manifesta-
tions, because specific ceramide species contribute to the 
integument’s barrier function (36). The ratio of sphingosine 
to dihydrosphingosine is increased in SPLIS plasma, sug-
gesting that de novo biosynthesis is inhibited (14). Choles-
terol and triglyceride levels were also elevated in some 
SPLIS patients, which could be related to nephrotic syn-
drome or a direct impact of SPL deficiency on global lipid 
metabolism.

Phenotypes observed in murine and invertebrate SPL KO 
models had signaled the devastating consequences of SPL 
insufficiency in man. The fetal and perinatal deaths of the 
most severely affected SPLIS patients and the pleiotropic dis-
ease features provided a stark and unequivocal confirma-
tion of the essential role SPL plays in human metabolism.
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Fig.  2.  Whole-mount survey of -Gal-stained adult SPL reporter mouse organs. A: Whole brain. B: Olfactory bulb, showing staining of 
specific olfactory ganglia. C: Forebrain. D: Midbrain. E: Cerebellum and brainstem. F: Hindbrain. G: Basicranium, showing positively stained 
trigeminal nerve ganglia and unstained pituitary. H: Spinal cord, showing gray matter staining. I: Thymus and heart. Thymus is intensely 
stained. The pin is within the ventricular wall of the bisected heart, and the view shows the interior of the ventricle. J: Kidney, showing strong 
staining in the renal pelvis. K: Bladder, showing epithelial staining. L: Female gonads, including ovaries, fallopian tubes, and uterus. M: Foot. 
N: Skin. O: Preputial gland. P: Ribcage. Q: Liver. R: Stomach. S: Jejunum, with a Peyer’s patch in the center and showing less staining than 
the surrounding jejunal tissue. T: Ileum. U: Brown adipose tissue. V: Harderian gland and eye. W: Adrenal gland. X: Tail. Data are representa-
tive of results obtained from four animals (two male and two female). Reproduced with permission from ref. 15.
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MECHANISM OF SPLIS PATHOLOGIES

Silencing Sply in fruit fly neurons triggers axonal degen-
eration and neuromuscular junction developmental de-
fects (14). Drosophila Sply mutant nephrocytes, functional 
equivalents to human podocytes, exhibit reduced foot pro-
cess density and impaired albumin uptake (29). SPL is 
highly expressed in murine glomerular podocytes and me-
sangial cells, with little expression in endothelium. Silencing 
SGPL1 in mesangial cells impairs migration via inactivation 
of small Rho GTPase signaling downstream of S1PR1/3. 
Although silencing SPL by siRNA in human podocytes had 
no appreciable effect, SGPL1 disruption causes changes 
that suggest injury (unpublished observations). SPL KO 
mouse adrenal glands revealed disrupted adrenocortical 
zonation and reduced expression of steroidogenic enzymes, 
indicating a role for SPL in adrenal gland development (30).
Although an immune-mediated mechanism in SPLIS 

would be plausible, to date, there is no evidence to support 
this. Adrenal calcifications and glomerular dysfunction 
could be caused by vascular compromise and hemorrhage, 
consistent with S1P’s role in vascular maturation, permea-
bility, and shear stress (37). Whether S1P-mediated effects 
on calcium homeostasis, autophagy, epigenetic regulation, 
and key proinflammatory transcriptional hubs contribute 
to SPLIS remains to be determined (38–41). Dysregulation 
of actin cytoskeletal organization by aberrant S1PR signal-
ing through Rho-GTPases could compromise mesangial 
cells, podocytes, and neurons, all of which require migra-
tion or maintenance of morphological structures, such as 
foot processes, dendrites, and axons for proper function. 
SPL product deficiency may contribute to cellular pa-
thologies in SPLIS. In addition to EP’s role in autophagic 
flux, hexadecenal/BAX and S1P/BAK cooperative interac-
tions trigger mitochondrial outer-membrane permeability 
changes in response to apoptotic signals (42). Finally, the 
impact of SPL insufficiency on aging, carcinogenesis, and 

metabolic disease remain unknown. Long-term consequences 
that might be expected in SPLIS patients in light of S1P’s 
role in cell transformation and cancer, the role of cerami-
des in diabetes, and the identification of aging phenotypes 
in SPL mutants may be obscured by the immediate conse-
quences of organ failure.

SPLIS TREATMENT STRATEGIES: RECEPTORS, 
REDUCTION, REPLACEMENT, REPAIR, AND REVIVAL

One can envision different strategies for treating SPLIS 
patients. Targeting S1PRs could correct disease manifesta-
tions caused by aberrant S1PR signaling. A Food and Drug 
Administration-approved S1PR antagonist (fingolimod) is 
available, with others in development (43). Substrate re-
duction has a role in sphingolipidosis treatment (44). The 
attenuation of Sply mutant phenotypes in response to SPT 
inhibition is encouraging in that regard (13). Sphingosine 
kinase inhibitors could mitigate S1P-dependent toxicities, 
but might worsen consequences of LCB and ceramide  
accumulation. SPL replacement via bone-marrow trans-
plantation, gene therapy, or enzyme replacement could be 
considered. Delivery of soluble SPL had positive effects in  
a preclinical model of SPL deficiency (45). Gene editing 
could repair mutant SGPL1. Misfolded SPL proteins might 
be revived with chaperones. Importantly, PLP can act as a 
chaperone for some PLP-dependent enzymes (46).

SPLIS REVEALS A POTENTIAL ROLE FOR 
SPHINGOLIPIDS IN OTHER DISEASE CONDITIONS

Although a rare disease, SPLIS may serve as a harbinger 
of a broader role for sphingolipid metabolism in more 
common medical conditions, such as nephrosis associated 
with metabolic or vascular conditions, neurodegenerative 
diseases (spinal muscular atrophy, vascular dementia, and 

Fig.  3.  Gene trap disruption of the Sgpl1 gene causes S1P lyase deficiency. A: Sphingolipid metabolic pathway and linkage to triacylglycerol 
and PtdE synthesis. B: Appearance and life span of Sgpl1/, Sgpl1+/, and Sgpl1+/+ mice. Photo shows knockout mouse on the left and wild 
type mouse on the right. Reproduced with permission from ref. 17. 
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Alzheimer’s disease), primary immunodeficiency, adrenal 
insufficiency, and other endocrine defects. Much work 
remains to elucidate how and to what extent sphingolipid 
metabolism may contribute to the pathophysiology of these 
sporadic diseases.

In addition to the role of SPL in human biology revealed 
by SPLIS, recent studies have shown that S1P-dependent 
host-pathogen interactions can be modulated by both the 
host’s SPL and by pathogen-derived SPL homologs, further 
expanding the relevance of SPL to human health (47, 48).

Fig.  4.  A: Homozygosity mapping and whole-exon sequencing reveal SGPL1 mutations as causing a human syndrome with nephrosis, ich-
thyosis, adrenal insufficiency, or neurologic defects and immunodeficiency. Some features of SPLIS include the following. B: Ptosis. C: Skin 
image showing brownish black desquamation on sebostatic skin with multipleradial papules with a blueish/black erythema and central cal-
cinosis. D, E: Median and ulnar nerve paralysis. F: H&E-stained epidermal section showing acanthosis/orthokeratotic hyperkeratosis (black 
arrowhead) and calcinosis (white arrowhead). G: Renal histology (silver staining) showing focal segmental glomerulosclerosis. Scale bars: 
100 m. Reproduced with permission from ref. 29.
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SUMMARY: 50 YEARS OF LYASE AND A MOMENT  
OF TRUTH

Fifty years ago, Stoffel characterized the enzyme that 
guards the exit of sphingolipid metabolism. Since then, 
nearly every gene of sphingolipid metabolism has been 
cloned and its human ortholog identified. Genetic manip-
ulation of the pathway has revealed myriad functions of 
sphingolipids in nature. SPL’s essential role in humans 
should come as no surprise, considering SPL’s fundamental 
roles in model organism development, aging, reproduction, 
and cellular homeostasis. Every biochemical consequence 
of SPL deficiency—cytotoxic sphingolipid accumulation, 
aberrant S1P signaling, and product depletion—likely con-
tributes to the pathophysiology of SPLIS. Further analysis 
of SPLIS pathologies, patient cell lines, and model systems 
should elucidate the biochemical and cellular basis of the 
disease and may point to therapeutic strategies for this 
novel sphingolipidosis and more common conditions in 
which sphingolipids may play a role.
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