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Abstract
Background
Sphingosine-1-phosphate lyase insufficiency syndrome (SPLIS) is a recently recognized inborn error of metabolism associated with
steroid-resistant nephrotic syndrome as well as adrenal insufficiency and immunological, neurological, and skin manifestations. SPLIS
is caused by inactivating mutations in SGPL1, encoding the pyridoxal 5’phosphate-dependent enzyme sphingosine-1-phosphate lyase,
which catalyzes the final step of sphingolipid metabolism. Some SPLIS patients have undergone kidney transplantation, and others
have been treated with vitamin B6 supplementation. In addition, targeted therapies including gene therapy are in preclinical
development. In anticipation of clinical trials, it will be essential to characterize the full spectrum and natural history of SPLIS. We
performed a retrospective analysis of 76 patients in whom the diagnosis of SPLIS was established in a proband with at least one
suggestive finding and biallelic SGPL1 variants identified by molecular genetic testing. The main objective of the study was to identify
factors influencing survival in SPLIS subjects.

Results
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Overall survival at last report was 50%. Major influences on survival included: (1) age and organ involvement at first presentation; (2)
receiving a kidney transplant, and (3) SGPL1 genotype. Among 48 SPLIS patients with nephropathy who had not received a kidney
transplant, two clinical subgroups were distinguished. Of children diagnosed with SPLIS nephropathy before age one (n = 30), less than
30% were alive 2 years after diagnosis, and 17% were living at last report. Among those diagnosed at or after age one (n = 18), ~ 70%
were alive 2 years after diagnosis, and 72% were living at time of last report. SPLIS patients homozygous for the SPL R222Q variant
survived longer compared to patients with other genotypes. Kidney transplantation significantly extended survival outcomes.

Conclusion
Our results demonstrate that SPLIS is a phenotypically heterogeneous condition. We find that patients diagnosed with SPLIS
nephropathy in the first year of life and patients presenting with prenatal findings represent two high-risk subgroups, whereas patients
harboring the R222Q SGPL1 variant fare better than the rest. Time to progression from onset of proteinuria to end stage kidney disease
varies from less than one month to five years, and kidney transplantation may be lifesaving.

Keywords
SPLIS
SGPL1
Inborn error of metabolism
Nephrotic syndrome
Adrenal insufficiency
Kidney transplantation
Vitamin B6
Pyridoxal 5′-phosphate
Gene therapy

Abbreviations

ACTH Adrenocorticotropic hormone
CI Confidence interval
Dc Deceased
D Dialysis
ESKD End stage kidney disease
FTT Failure to thrive
HCP Health care provider
IQR Interquartile range
KD Kidney disease
L Living
NT Nuchal translucency
P Palliative
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Background
Sphingosine-1-phosphate lyase insufficiency syndrome (also known as SPLIS, renal, endocrine, neurological and immune (RENI)
syndrome, SGPL1 deficiency, nephrotic syndrome type 14, NPHS14, steroid-resistant nephrotic syndrome type 14, and familial steroid-
resistant nephrotic syndrome with adrenal insufficiency) is an inborn error of metabolism (OMIM # 617575) associated with kidney,
endocrine, immunological, neurological, and skin manifestations [ 1 ]. These manifestations have been described in detail in several recent
review articles [ 2, 3, 4, 5, 6 ]. SPLIS is caused by inactivating mutations in SGPL1 (OMIM 603729), which encodes sphingosine-1-
phosphate lyase (SPL) (UNIPROT #O95470), a pyridoxal 5’-phosphate dependent enzyme that catalyzes the final step of sphingolipid
metabolism [ 7 ]. Specifically, SPL is an integral membrane protein of the endoplasmic reticulum membrane that catalyzes the irreversible
cleavage of phosphorylated sphingoid bases including sphingosine-1-phosphate (S1P), a bioactive sphingolipid and the final product of
sphingolipid metabolism [ 8 ]. In so doing, SPL generates two products, ethanolamine phosphate and hexadecenal. SPL guards the only exit
point of sphingolipid metabolism, and as such it serves an essential function. The pathophysiology of SPLIS is complex and likely involves
contributions from substrate accumulation and aberrant signaling through S1P receptors, loss of biochemical products needed for
autophagic flux and other cell functions, and accumulation of cytotoxic sphingolipid intermediates including ceramides. In that regard,
some patients with SPLIS have been shown to exhibit elevated levels of plasma S1P and other sphingolipids, which are being developed as
disease biomarkers in SPLIS [ 9, 10 ]. SPL activity contributes to global lipid homeostasis within the liver and cholesterol homeostasis in
cells and tissues, as shown by the high lipid and cholesterol levels of Sgpl1 knockout mice [ 11, 12 ]. SPL promotes flux from sphingolipid

metabolism to glycerophospholipids [ 13, 14 ]. The role of SPL in autophagy and proteostasis may be important in promoting the removal of
aggregate-prone proteins, particularly within neurons [ 15, 16, 17 ]. SPL regulates calcium homeostasis and the steady state levels of
sphingolipid intermediates, both of which have been implicated in skin biology and its water barrier function in health and in sphingolipid
disorders including SPLIS [ 18, 19, 20, 21 ].



Data from SPLIS patients in whom family genetic studies were performed indicate that SPLIS is always caused by recessive inheritance of
bi-allelic germline mutations in SGPL1. The SGPL1 gene contains 15 exons, with the ATG start site in exon 2. Variants associated with the
SPLIS condition have been found in almost every exon, with the preponderance of variants occurring in the highly conserved central
pyridoxal 5′-phosphate-binding domain [ 22 ]. Indels, truncations, splice site variants and missense substitutions in SGPL1 have been
observed in SPLIS patients. The biochemical consequences of these mutations range from a total lack of SGPL1 mRNA production, to
SGPL1 mRNA being produced but resulting in little or no expression of SGPL1p (likely due to protein misfolding as is typical of inborn
errors of metabolism), to gene and protein expression at wild type levels but with reduced enzyme activity, likely due to reduced binding
affinity for substrate and/or cofactor.

The first reports of the monogenic cause of this condition in 2017 focused on two of the most common clinical features, namely steroid-
resistant nephrotic syndrome (often associated with focal segmental glomerulosclerosis pathology), and primary adrenal insufficiency [
23, 24 ]. Adrenal insufficiency may include low glucocorticoids with or without low mineralocorticoids, and in boys may also be associated
with gonadal dysgenesis and low testosterone levels [ 6 ]. Other effects observed in SPLIS patients include peripheral neuropathy, central

nervous system involvement, immune dysfunction, hypercholesterolemia, and ichthyosis or acanthosis [ 3, 10, 23, 24 ]. Nervous system
signs of SPLIS include strabismus, squint, deafness, and lower limb weakness, and these may be associated with characteristic basal
ganglia findings on magnetic resonance imaging of the brain [ 25, 26 ]. Immunodeficiency is signaled by absolute lymphopenia with or

without other immune deficiencies and frequent infections [ 3 ]. Failure to thrive is also a common SPLIS feature. Less frequent findings
include anemia, cardiac anomalies, hypothyroidism, brain anomalies, vomiting, diarrhea, food intolerance, and retinal lesions. Aside from
lymphopenia and anemia, laboratory findings may include proteinuria, hypoalbuminemia, hypertriglyceridemia, increased ACTH, and
increased plasma sphingolipids. Radiological studies may reveal adrenal calcifications, renal abnormalities, ascites, hydrops, increased
cortical bone, and T2 flair, atrophy, and corpus callosum defects on brain MRI. Human phenotype ontology cites 36 term associations for
SGPL1 (NCBIGene:8879): adrenal insufficiency, ataxia, autosomal recessive inheritance, childhood onset, cryptorchidism, developmental
regression, diffuse mesangial sclerosis, edema, focal segmental glomerulosclerosis, generalized hypotonia, global developmental delay,
hyperpigmentation of the skin, hypertriglyceridemia, hypoalbuminemia, hypoglycemia, hypogonadism, hypothyroidism, ichthyosis,
infantile onset, juvenile onset, lymphopenia, mental deterioration, mesangial hypercellularity, microcephaly, micropenis, nephrotic
syndrome, peripheral neuropathy, podocyte foot process effacement, progressive, proteinuria, ptosis, seizure, sensorineural hearing
impairment, stage 5 chronic kidney disease, steroid-resistant nephrotic syndrome, strabismus [ 27 ].

Current treatment for SPLIS is largely supportive and includes hormone supplementation, kidney replacement therapy, intravenous
immunoglobulins, transfusions, physical therapy, and nutritional support. Targeted therapeutic strategies to address the root cause of the
condition are being explored. Gene therapy using an adeno-associated viral vector to deliver a healthy human SGPL1 gene to SPLIS
patients is in preclinical development [ 12, 28 ]. Cofactor supplementation with pyridoxine has been shown to improve SPL function and
reduce sphingolipids in some SPLIS patient-derived fibroblasts, and there is anecdotal evidence of clinical benefit in some patients who
harbor missense SGPL1 mutations [ 10 ]. Based on these promising findings, clinical trials in SPLIS are on the horizon.

In anticipation of clinical trials, it will be essential to characterize the natural history of SPLIS. Evaluation of the various influences on
disease severity and survival can help identify subsets of patients with different outcome risks. This may aid in clinical trial design and
patient stratification. Natural history studies can additionally provide a historical control group for clinical trials in rare diseases with high
mortality rates, wherein a randomized control group may not be ethically appropriate [ 29, 30 ]. This study focused specifically on
identifying clinical and genetic factors that influence survival outcomes in SPLIS patients. Toward that end, we performed a retrospective
analysis of 76 SPLIS patients in whom the diagnosis of SPLIS was established in a proband with at least one suggestive finding and
biallelic SGPL1 variants identified by molecular genetic testing and for whom sufficient data were available for analysis, e.g., genotype,
number of cases reported per year, country of origin, follow up of at least 6 months for living patients. Due to their highly complex nature,
immunological profiling, blood plasma sphingolipid profiling, and other paraclinical endpoints were not considered in this study and will
be addressed comprehensively in separate reports. Our overall results demonstrate that SPLIS is phenotypically heterogeneous, and that
patients diagnosed with SPLIS nephropathy in the first year of life represent a high-risk subgroup for which the risk/benefit of
transplantation and/or gene therapy may be appropriate.

Methods
Study design
We conducted a retrospective cross-sectional analysis of survival data and related factors in 76 SPLIS patients reported or recruited
between 2017 and 2023 from USA, Canada, Argentina, Brazil, United Kingdom, Spain, France, Germany, Turkey, Afghanistan, Iran, Iraq,
Pakistan, Saudi Arabia, Morocco, Singapore, Peru, Serbia, China, India, Gambia and Australia. Case data was taken from published work
and from personal communications with treating physicians as shown in Table 1 . The present study was conducted at the University of
California San Francisco in the Department of Pediatrics. It was performed by reviewing available data from published reports, seeking
follow up information regarding the reported patients, and obtaining primary data from health care providers caring for reported and
unreported SPLIS patients. Health care providers contributed patient data with the informed consent of the subjects or their patients if
subjects were less than 18 years of age. This study was posted on the ClinicalTrials.gov website as: “Sphingosine phosphate lyase
insufficiency syndrome- Observational study and patient registry (International) recruiting – NCT04885179”.

Table 1

Method of patient identification (HCP = health care provider)

Method of identification # of Cases



Method of identification # of Cases

First reports (Lovric et al., Prasad et al.) 27

Sibs/relatives of cases in first reports 8

Reported by others (2018–2023) 21

Letter to pediatric subspecialties 2

**HCP contact us, reported in Zhao et al 7

HCP contact us, not previously reported 8

Data analytics, not previously reported 1

Scientific interactions, not previously reported 2

Data collection
Data were collected from published reports and/or questionnaires and medical records for unpublished cases. Not all data types were
available for all patients. For all results presented, the number of patients for whom the relevant data were available and included in the
analysis is stated within the Table or Figure legend. Types of data include patient SGPL1 genotype, parental SGPL1 genotype, patient
gender, family history of SPLIS or SPLIS-related symptoms, country of residence, country of origin, age of the patient, organ/system
involvement, age of the patient at first sign of SPLIS, first detection of proteinuria, time from proteinuria to end stage kidney disease
(ESKD), first detection of endocrine defect, first sign of neurological impairment, first sign of immunological impairment, age at last
report, age of death, and cause of death. Detailed analyses of immunological profiles, plasma sphingolipids, and other paraclinical
parameters were not included in the current study. For the fourteen new cases presented in this study, laboratory tests including urine
protein levels, growth parameters, and hematological and immunological parameters were considered abnormal if they fell outside of the
age-specific pediatric reference ranges provided by the local medical center. In most cases, published reports did not cite local laboratory
reference values. Results reported as abnormal by authors were accepted prima facie as being abnormal in relation to the laboratory
standard for age. When quantitative results of urine protein levels were available for analysis, proteinuria was defined as ≥ 100 mg
protein/m /day or ≥ 0.5 mg protein/mg creatinine (up to age 2) and ≥ 0.2 beyond age 2 [ 31 ]. However, in all patients in whom quantitative
urine protein levels were available, proteinuria was in the nephrotic range (i.e., ≥ 2 mg protein/mg creatinine). For end-stage kidney
disease, the definition of a glomerular filtration rate of less than 15 ml/min/1.72 m  was used.

Inclusion criteria
Study subjects included living and deceased subjects anywhere in the world at any age from prenatal diagnosis forward who received a
genetic diagnosis of SPLIS defined as biallelic variants in SGPL1 (including pathogenic variants, likely pathogenic variants, and variant
of unknown significance) and at least one reported clinical feature of SPLIS. AQ1

Exclusion criteria
(1) No genotype reported, (2) no country of origin reported; (3) no year of case report available.

Ethical approval
The University of California San Francisco Institutional Review Board (IRB) approved the study. Written informed consent for the
acquisition of genetic, molecular, and clinical data was obtained from the parents of the enrolled patients except in cases wherein the
information was published and only data from published reports were used for information collection. Please, refer to the Declarations
section for institutional review board and consent information.

Genetic testing
Testing was performed by the reporting health care provider using commercial or institutional genetic diagnostic whole exome or whole
genome sequence analysis or by a genetic diagnostic panel including the SGPL1 gene.

Variant calling
When a variant was present in the ClinVar database, the designation of pathogenic, likely pathogenic, or uncertain significance provided
in ClinVar was used. For variants not present in ClinVar, American College of Medical Genetics criteria were applied and the results
provided [ 32 ]. In addition, Varsome tool was used to garner in silico predictions for each of the variants not listed in ClinVar [ 33 ].

Results are provided in Table 4 .

Statistical methods
Subject characterizations, including demographics, were analyzed as categorical or continuous variables collected in the study.
Categorical variables were analyzed by Fisher’s exact test. Continuous variables were analyzed as normally distributed (parametric) or not
normally distributed (nonparametric). Continuous variables were reported as mean with standard variation, or as median and interquartile
range (IQR). Welch’s, or Bonferroni corrections were applied as necessary. Two-tailed t-test was used for normally distributed data;
Mann–Whitney was used for nonparametric data. The limit of statistical significance is set to p < 0.05. Probability of survival was
measured by Kaplan–Meier. The log-rank Mantel-Cox was used to compare survival between patient groups.

Results

2

2



Demographics of SPLIS
SPLIS was first recognized as a monogenic cause of steroid resistant nephrotic syndrome and primary adrenal insufficiency in 2017 [
23, 24 ]. We recently reported the estimated worldwide prevalence of SPLIS to be approximately 11,000 [ 34 ]. However, the number of
recognized cases is only a fraction of that, likely due to lack of awareness about this new condition. The number of cases
reported/identified per year since 2017 is shown in Fig. 1 .

Fig. 1

SPLIS cases reported by year. Number of cases reported each year starting with the initial two reports linking biallelic genetic variants of
SGPL1 with a syndrome characterized by steroid-resistant nephrotic syndrome and primary adrenal insufficiency by Lovric et al. [ 23 ] and
Prasad et al. [ 24 ]. Cases in 2023 include the 14 new cases in this study not previously reported

The SPLIS cases included in our study come from a variety of sources including the initial two reports that revealed inactivating SGPL1
mutations as the likely underlying cause of the condition [ 23, 24 ], and additional publications reporting one or more cases of genetically
confirmed SPLIS [ 3, 4, 5, 6, 9, 10, 22, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49 ]. We are also aware of multiple cases of
genetically confirmed SPLIS through personal contact with researchers or health care providers of patients described in this study and not
previously reported. In total, 76 patients with genetically confirmed SPLIS are known to us and serve as the baseline SPLIS patient
census. In Methods and Materials, the breakdown of our source of patients is given in Table 1 . The geographic and ethnic origin of these

patients were wide-ranging, including every continent with the exception of Antarctica (Fig. 2 ). However, the cases tended to cluster in
geographic regions where consanguinity rates and inbreeding are higher than average as a result of cultural norms, including Pakistan,
Middle East/North Africa, and the Hutterite colonies of southern Canada.

Fig. 2

Geographic distribution of SPLIS cases/ancestries in this study. Each black dot represents an individual SPLIS case within the country
designated; marked locations are not specific for city or region



Clinical features of SPLIS
The most common clinical features in 76 SPLIS patients are shown in Table 2 , and the age of onset of the three most prominent features

(nephropathy, adrenal insufficiency and neuropathy) is shown in Table 3 . Approximately half of the known SPLIS patients are still alive
to our knowledge, and half are confirmed deceased. The male:female sex distribution is 1.1–1. Although most reported patients were
diagnosed within the first few years of life, age at first presentation varied widely from the prenatal period, with patients presenting with
prenatal findings to the oldest age of presentation being 15 years in a patient with isolated peripheral neuropathy. Kidney disease is
usually the first finding and frequently occurs coincidentally with either adrenal or neuronal abnormalities, as shown in Table 3 .

Table 2

Clinical features of SPLIS

SPLIS features # or %

# of cases in census 76

Male/Female 1.1/1

# of SGPL1 variants 45

# of ethnicities/nationalities 23

Still living 50%

Prenatal diagnosis or findings 22%

Consanguinity reported 61%

Family history 56%

Presented in first year of life 54%

Median age of death in deceased (age range) 0.6 years
(0–8.6 years)

Prenatal findings & survive 3 years 0

Kidney involvement 78%

End stage kidney disease (ESKD) 35%

Neurological defect 43%

Primary adrenal insufficiency 63%

Hypothyroidism 33%

Lymphopenia 30%

Table 3

Organ involvement at first presentation of SPLIS

Organ Number with 1st sign at ≤ 1 yr Number with 1st sign at 1–10 yrs Number with 1st sign at ≥ 11 yrs

Kidney 32 20 3

Adrenal 15 5 0

Neurological 15 6 2

11 coincident with kidney involvement

SPLIS-associated SPL variants
All cases of SPLIS known to us involve the recessive inheritance of biallelic SGPL1 variants either in homozygous or compound
heterozygous state, with all parents of probands being asymptomatic heterozygous carriers when parental genetic testing information was
available.

In total, 44 different genotypes have been identified in the 76 SPLIS patients in this study (Table 4 ). Of these, slightly more than half
were found in homozygous state, and the remainder were found in association with 1 or more other variants. Twenty-one variants were
predicted to result in complete loss of function (pLOF) due to either catastrophic effect on mRNA stability and/or protein synthesis, or
substitution of the critical cofactor-binding Lysine at amino acid position 353 (Table 4 ). Not counting survivors who received a kidney
transplant, of the 21 patients harboring two pLOF variants, only 28% were still living at the time of last report. Comparing survival in
subjects with bi-allelic pLOF variants versus all other subjects, no significant difference was observed. Five missense variants (R222Q,
Y416C, R340W, S346I, and R222W) accounted for 75% of all reported SPLIS cases and had the following median age (range) in years at
time of last report: R222Q = 8.0 (2.9–19); Y416C = 6.2 (1.7–12); R340W = 3.67 (1.25–5.7); S346I = 0.1 (0–0.5); R222W = 0.09 (0–0.42).
The most prevalent variant was the R222Q SPL variant, which was always in the homozygous state. The R222Q variant represented 29%
of all reported variants, 17% of all reported SPLIS cases, and was associated with a wide range of phenotypes (Table 5 ), with 77% still
living at the time of last report (including those receiving kidney transplants) and 80% if transplanted subjects are excluded in the
calculation (Table 5 ). Five of the thirteen R222Q patients did not exhibit kidney involvement at the time of this report. In contrast, of

a

a

a



non-transplanted SPLIS patients with variants other than R222Q, 41% were alive at the time of last report. Excluding those receiving a
kidney transplant, median age of R222Q patients at time of last report was 6.8, significantly older than the median age of 1.7 for the rest
of the cohort (Fig. 3 A). (Refer to Fig. 3  legend for additional statistical details). Patients with homozygous R222Q variants were of
Turkish, Saudi and Pakistani ancestries.

Table 4

SPLIS-associated SGPL1 variants and survival outcomes

 SPLIS-associated SGPL1
variants

ClinVar designation
(ACMG criteria)

Fraction alive at
last report Notes References

1 R222Q Pathogenic 11/13 2 alive were transplanted [ 5, 6, 22, 24 ], this study

2 R340W PP1, PP4, PP3: likely
pathogenic 3/6 1 alive was transplanted [ 18, 19, 24, 32 ], this study

3 Y416C Likely pathogenic 5/6 1 heterozygous with S202L; 1 heterozygous with
D315Y [ 5, 8 ], this study

4 S346I Pathogenic 0/5  [ 5 ]

5 R222W Pathogenic 0/4  [ 5 ]

6 Y15C PP4 3/3 1 homozygote; 2 sibs with 3 variants each
including Y15C, K353E and M409R [ 8, 25 ]

7 S202L PP4 2/3 1 alive transplanted; 1 heterozygous with A316T;
1 heterozygous with Y416C [ 5, 8, 28 ]

8 R278Gfs*17 PVS1, PP4, PP1:
pathogenic 2/2 2 heterozygous with E312G (mutation leads to

nonsense-mediated RNA decay) [ 5 ]

9 S3Kfs*11 Pathogenic 2/3  [ 5, 6 ]

10 E132G PM3, PP1, PP4, PS3:
pathogenic 2/2 Mutation leads to nonsense mediated RNA decay;

2 heterozygous with R278fs*17 [ 5 ]

11 I184T Uncertain significance
PM3, PP1, PP4 2/2 2 heterozygous with S361* [ 16 ]

12 S361* PVS1, PP1, PP4:
pathogenic 2/2 2 heterozygous with I184T [ 16 ]

13 A316T Uncertain significance 2/2 1 alive transplanted; 1 heterozygous with S202L [ 5, 27, 34 ] (27 and 34 refer to
same patient)

14 S65Rfs*6 Pathogenic 2/2
0/2

2 homozygous living
2 heterozygous with c.1298 + 6 T > C

[ 6 ]
[ 30 ]

15 F545del Pathogenic 0/2  [ 6, 24 ]

16 G360V Uncertain significance 1/2  [ 8, 23, 24 ]

17 K353E PP3, PP4, PM1
Uncertain significance 2/2 cofactor binding site; 2 sibs with 3 variants each

including Y15C, K353E and M409R [ 25 ]

18 M409R PP3, PP4
Uncertain significance 2/2 2 sibs with 3 variants each

including Y15C, K353E and M409R [ 25 ]

19 L173Q PP3, PP4, PP1
Uncertain significance 1/2  [ 32 ], this study

20 R505* Pathogenic 0/2  [ 17 ]

21 c.1298+6T>C Pathogenic 0/2 2 heterozygous with S65Rfs*6 [ 30 ]

22 c.1566+2T>C PVS1, PP4:
Uncertain significance 0/1 1 heterozygous with C285Y [ 8 ]

23 C285Y PP3, PP4, PM3:
Uncertain significance 0/1 1 heterozygous with c.1566 + 2 T > C [ 8 ]

24 L312Ffs*30 Pathogenic 1/1  [ 17 ]

25 G35Afs*49 PVS1, PP4, PM3
Pathogenic 0/1 1 heterozygous with K353R (cofactor binding site) [ 8 ]

Variants are homozygous unless otherwise stated

Predicted loss of function

Varsome in silico predictions were obtained for each of the variants not present in the ClinVar database. The following The following Varsome
definitions were applied:

PP1—multiple affected siblings with same combination of variants

PP3—multiple lines of computational evidence support a deleterious effect on the gene or gene product

PP4—patient phenotype or family history is highly specific for a disease with a single genetic etiology

PVS1—LOF and splice variants

PM3—recessive disorders, detected in trans with a pathogenic variant

PS3—well established in vitro or in vivo functional study supportive of a damaging effect on gene or gene product

PM1—located in mutational hot spot and/or critical and well-established functional domain
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 SPLIS-associated SGPL1
variants

ClinVar designation
(ACMG criteria)

Fraction alive at
last report Notes References

26 K353R PP3, PM3, PM1, PP4:
Likely pathogenic 0/1 1 heterozygous with G360Afs*49 [ 8 ]

27 L173Pfs*55(;)(?) Pathogenic 0/1  This study

28 Q289Tfs*12 PVS1, PP4, PM3:
pathogenic 0/1  This study

29 S362T PP3, PP4 0/1  This study

30 W45X Pathogenic 0/1 1 heterozygous with S240I This study

31 S240I PP3, PM3, PP4:
Uncertain significance 0/1 1 heterozygous with W45X This study

32 F411Lfs*56 PVS1, PP4, PM3:
pathogenic 0/1  [ 20 ]

33 D315Y PP3, PP4:
Uncertain significance 1/1 1 heterozygous with Y416C This study

34 Y331^ Pathogenic 0/1 1 heterozygous with F290L [ 8, 35 ]

35 P311R PP3, PP4:
Uncertain significance 0/1  [ 27, 34 ]

36 D350G PP3, PP4:
Uncertain significance 1/1  [ 29 ]

37 Q239fs*8 PVS1, PP4, PM3:
Pathogenic 0/1  [ 24 ]

38 E142Rfs*20 PVS1, PP4, PM3:
Pathogenic 0/1  This study

39 Q478E PP3, PP4:
Uncertain significance 1/1  [ 33 ]

40 F290L likely pathogenic 0/1 1 heterozygous with Y331^ [ 8, 35 ]

41 D5Tfs*Ter8 PVS1, PM3, PP4:
pathogenic 1/1  This study

42 G343R PP3, PP4:
uncertain significance 0/1  [ 31 ]

43 N171D PP4:
Uncertain significance 0/1  [ 21 ]

44 c.1_27del; Start loss PVS1, PP4, PM3:
pathogenic 0/1  [ 26 ]

Variants are homozygous unless otherwise stated

Predicted loss of function

Varsome in silico predictions were obtained for each of the variants not present in the ClinVar database. The following The following Varsome
definitions were applied:

PP1—multiple affected siblings with same combination of variants

PP3—multiple lines of computational evidence support a deleterious effect on the gene or gene product

PP4—patient phenotype or family history is highly specific for a disease with a single genetic etiology

PVS1—LOF and splice variants

PM3—recessive disorders, detected in trans with a pathogenic variant

PS3—well established in vitro or in vivo functional study supportive of a damaging effect on gene or gene product

PM1—located in mutational hot spot and/or critical and well-established functional domain

Table 5

Characteristics of SPLIS patients with SPL R222Q variant

Case
Age (yr) at 1st sign of
kidney disease

Age (yr) at sign of
adrenal insufficiency

Age (yr) at sign of skin
abnormality

Age (yr) at sign of
neurological abnormality

Age (yr) at
last report

Living (L) or deceased
(Dc) at last report

1 19 6.5   19 L

2* 3 3   8 L

3 2 2   2.9 Dc

4* 2.5  0.7  5 L

5  0.5 0.5  8 L

6  0.5 0.5  4 L

7  1.5 1.5  3.6 L

8  2   5.5 L

Cases 2 and 4 had transplants at age 8 and 5, respectively

Case 11 had a transplant at age 7; graft rejection and death at age 8

a,b

b

b

b

b

b

b

b

b

b

a

b

*

**



Case
Age (yr) at 1st sign of
kidney disease

Age (yr) at sign of
adrenal insufficiency

Age (yr) at sign of skin
abnormality

Age (yr) at sign of
neurological abnormality

Age (yr) at
last report

Living (L) or deceased
(Dc) at last report

9 17 15  15 17 L

10 6  0 (at birth)  9 L

11** 6 1   8 Dc

12    8 18 L

13 2.7 0.6   4.4 Dc

Cases 2 and 4 had transplants at age 8 and 5, respectively

Case 11 had a transplant at age 7; graft rejection and death at age 8

Fig. 3

Longevity of R222Q patients compared to other variants. There were 13 patients homozygous for the R222Q variant: three were not included
in the analysis because they were transplanted. Thus, there were 10 R222Q patients in the analysis. The patients with other genotypes
numbered 49, excluding transplants. There were four R222W patients. A The median age at last report was significantly greater in the R222Q
group: 6.8 years (IQR = 13.8) vs. all others 1.7 (IQR = 5.6) (p = 0.004, Mann–Whitney with Bonferroni correction). B The R222Q group also
had greater survival compared to the R222W group, for whom the median age at last report was 0.1 years (IQR = 0.4). The p value of R222Q
vs. R222W was 0.004 (Mann Whitney with Bonferroni correction)

Two other variants, Y416C and R340W, comprised 13% of variants and 8% of reported SPLIS cases. The Y416C variant was found in
homozygous state in 4 patients of the North American Hutterite colonies and heterozygous in 2 patients from Singapore and the USA.
Overall survival of these combined patients with Y416C variants was 66.7%. SPLIS patients with the (always homozygous) R340W
variant were from Brazil, Turkey and India, and their overall survival at the time of last report was 50%. The S346I variant representing
11% of variants and 7% of SPLIS cases was found in homozygous state in one Moroccan family, and no case survived (Table 6 ). In
contrast to the generally more favorable outcome of SPLIS patients homozygous for the R222Q variant, no patients homozygous for
R222W variant survived (Table 6  and Fig. 3 B.) This variant represented 9% of all variants and 5% of cases, all being of Turkish
ancestry. SPLIS patients with all other variants taken together exhibited an overall survival at time of last report of 48%, with patients
harboring indels having 30% survival. SPL is a pyridoxal 5′-phosphate dependent enzyme, and the cofactor binds at lysine 353. Two
variants at K353 were found in SPLIS patients and can be presumed to be complete loss of function variants, as shown by in vitro
experiments [ 50 ]. A patient with a K353R variant did not survive, consistent with the known inactivation of SPL by K353R substitution.
One pair of siblings each harboring 3 SGPL1 variants (Y15C, K353E and M409R) are alive at age 4 and 7 at time of last report. Based on
the high prevalence of variant Y15C [ 34 ], it is likely benign. Based on the predicted loss of function K353E, and the likely benignity of
Y15C, the M409R variant might provide some residual SPL function.

Table 6

Characteristics of individuals with homozygous R222W and S346I variant SPLIS

Case Age at 1st sign of
kidney disease

Age at sign of adrenal
insufficiency

Age at sign of skin
abnormality

Age at sign of neurological
abnormality

Age at last
report

Living (L) or deceased
(Dc) at last report

R222W

*

**



Case
Age at 1st sign of
kidney disease

Age at sign of adrenal
insufficiency

Age at sign of skin
abnormality

Age at sign of neurological
abnormality

Age at last
report

Living (L) or deceased
(Dc) at last report

 1 0.25 0.25  0.42 0.42 Dc

 2 0.17    0.17 Dc (fetal hydrops)

 3      Fetal demise

 4      Fetal demise

S346I

 1 0.0  0.0 0.0 0.5 Dc

 2 0.1  0.1 0.1 0.1 Dc

 3      Fetal demise

 4      Fetal demise

 5 0.1    0.25 Dc

Causes of death in SPLIS
Many of the clinical features of SPLIS have a profound impact on quality of life, are associated with significant morbidity, and have the
potential to impact mortality. End-stage kidney disease (ESKD) if left untreated is lethal. Dialysis or kidney transplantation interventions
may be lifesaving but are associated with risks of infection, surgical complications, and tissue rejection. SPLIS patients often exhibit
variable degrees of immunosuppression, predisposing them to infection from viral, bacterial and other pathogens. Food intolerance issues
and failure to thrive may further reduce nutritional status and risk of infection in SPLIS children. Seizures, which may be associated with
adrenal insufficiency or neurological involvement in SPLIS patients, can have catastrophic consequences. Cardiac involvement with heart
failure has been reported in several cases of SPLIS, increasing susceptibility to cardiorespiratory events. To determine which of these
many factors were the most catastrophic to SPLIS patients, we assessed the reported causes of death and number or percent of patients in
each category among the 30 cases for whom this information is available. The results are given in Table 7 . ESKD with or without failure-
to-thrive (FTT) or complications of kidney transplantation was the main cause of death and accounted for 30% of deaths. Sepsis or
infection represented the second most frequent cause of death, accounting for 20% of deaths. The remainder of deaths were reported to be
caused by cardiovascular complications, cerebral edema, fetal demise, sudden death, or unspecified cause.

Table 7

Causes of death in SPLIS

Cause of death # of cases

ESKD ± FTT 9

Sepsis/infection 6

Cardiorespiratory failure 4

Fetal demise with heart failure 2

Fetal demise (unknown) 2

Sudden death 2

Post-transplant 1

Cerebral edema 1

Congestive heart failure/Arrhythmia 1

Hypovolemic shock 1

Not specified 1

Outcome of SPLIS patients with kidney disease
A group of 48 SPLIS patients with kidney involvement who did not receive a transplant were analyzed for their survival outcomes defined
by age at last report. These patients were selected based on: (1) having received no more than supportive care (specifically, including
patients receiving transfusions, dialysis, physical therapy, steroids, and other non-targeted medications and (2) the availability of at least
6 months follow up after diagnosis; (3) age at last report as well as age at diagnosis of SPLIS signs—kidney disease, neurological defects,
or adrenal insufficiency. Our analysis demonstrated that two clinical subgroups of SPLIS patients with kidney disease exhibited
significantly different survival patterns. Mortality prior to age 5 was 81% in patients (n = 30) who presented with kidney involvement in
the age range of at birth to less than one year who had not received a kidney transplant within the first year of life. This high mortality
contrasts with the 27% mortality prior to age 5 among 18 patients with kidney involvement as a 1st sign of SPLIS from age one or more
years. Thus, older age at first sign of SPLIS as kidney disease improves survival.

Figure 4  shows the difference in survival outcomes in two SPLIS subgroups, namely those in whom the diagnosis of kidney disease was

made prior to one year of age, and those in whom kidney involvement was detected at equal to or greater than one year. Figure 4 A shows

the survival outcome as the age at last report, and Fig. 4 B shows the survival times during the first two years of the study in months after
the onset of proteinuria or kidney involvement. The median (IQR) age at last report of 30 non-transplanted SPLIS patients diagnosed
before age one year was 0.4 (0.8) compared to a median of 6.5 (4.6) for 18 non-transplanted patients diagnosed at age one or later. Only 5
(17%) of the 30 patients diagnosed before age one were living at last report. In contrast, 12 (67%) of the patients diagnosed at or after age



one were alive at last report. The difference between the two medians is statistically significant at p < 0.0001 (Mann–Whitney). Table 8
shows a comparison of the age at first sign of SPLIS, age at last report, and percent survival for SPLIS patients separated by presence or
absence of kidney disease, age at onset of kidney disease, and transplant status.

Fig. 4

Survival outcomes in two subgroups of SPLIS patients. A Age at last report as a measure of survival was compared in the group of patients
diagnosed with kidney disease in infancy (< 1 year) compared to those who presented with kidney disease beyond infancy (≥ 1 year). The
data include patients whose first sign of SPLIS was not KD, but they do not include patients who received a kidney transplant. Thirty patients
meeting these inclusion and exclusion criteria were diagnosed before age 1; 18 patients were diagnosed at or after their first birthday. The
median (IQR) age at last report for the Dx < 1 group was 0.4 (0.8); the median (IQR) for the Dx ≥ 1 was 6.5 (4.6). The difference between
medians was statistically significant, p < 0.0001). B Probability of survival of these same two groups of patients during two years of study.
The median survival is 4.2 years for the infant group and 20.4 years for the older group of patients. The difference in the survival curves is
significant (p = 0.009; log-rank (Mantel–Cox test)

Table 8

Outcomes based on kidney involvement, age of involvement and treatment

Group Patient group description
Age at 1st sign of SPLIS
median (IQR)

Age at last report
median (IQR) Patient survival

1 Non-kidney disease + 
Transplanted KD

1.0 (1.8)
Group 1 vs. Group 2
p = 0.0503

8 (11.5)
Group 1 vs. Group 2
p = 0.0001

15 of 17 (88%)

2 All KD
Except Transplanted 0.45 (2.7) 1.38 (5.6) 20 of 48 (42%)

3 KD onset < 1y
Except Transplanted

0.11 (0.25)
Group 3 vs. Group 4
p < 0.0001

0.38 (0.8)
Group 3 vs. Group 4
p < 0.0001

7 of 30
(23%)

4 KD onset ≥ 1y
Except Transplanted) 3.0 (3.4) 6.5 (4.6) 13 of 18 (72%)

5 KD onset ≥ 1y + non-kidney disease + Transplanted KD
2.0 (4.0)
Group 3 vs. Group 5
p < 0.0001

7 (4.6)
Group 3 vs. Group 5
p < 0.0001

28 of 35 (80%)

SPLIS nephrosis progresses rapidly, and kidney transplantation is life-saving
Onset of kidney disease (proteinuria) ranged from birth to 22 years of age. In many patients with SPLIS and steroid-resistant nephrotic
syndrome, kidney involvement was present at or before birth. In patients who presented with proteinuria without ESKD, the time from
first detection of proteinuria to ESKD varied from less than one month to 60 months. The median time to progression was 30 months.
Table 9  shows the rate of kidney disease progression to ESKD for 21 subjects in whom sufficient data were available for analysis. Of the
patients who were diagnosed with KD at age one year or more, all 6 progressed to ESKD from 24 to 60 months after the diagnosis of
kidney disease. Among those diagnosed with kidney disease in infancy, 8 progressed within 6 months, and 7 progressed more slowly,
reaching ESKD at between 11 and 60 months. The data sets are small, and further observation would be required to confirm the
reproducibility and import of these results.

Table 9

Months from diagnosis of kidney disease (Dx KD) to end stage kidney disease (ESKD)

Variants Age Dx KD (yrs) Months to ESKD Transplant pLOF/PV Immunodeficiency

R505* 0.02 0.25 No Yes No mention

R505* 0 3 No Yes No mention

G360Afs*49; K353R 0.1 1.5 No Yes Yes



Variants Age Dx KD (yrs) Months to ESKD Transplant pLOF/PV Immunodeficiency

G360V 0.2 6 No No Yes

c.1566+2T>C; C285Y 0 1 No Yes Yes

F290L;Y331* 0 4 No Yes Yes

Q289fs* 0 1.5 No Yes Yes

Y416C 0.2 3 No No Yes

S65Rfs*6 0.9 11 Yes Yes No mention

R340W 0.3 36 Yes No Yes

S3Kfs*11 0.8 50 Yes Yes No mention

S3Kfs*11 0.5 54 Yes Yes Yes

R340W 0.5 23 No No No

S65Rfs*6 c.1298+6T>C 0.9 59 No Yes No

S65Rfs*6 c.1298+6T>C 0.8 60 No Yes No

c.395A>G; R278fs*17 1 36 No Yes No mention

R222Q 2.5 30 Yes No No

R222Q 3 60 Yes No No mention

S202L; Y416C 3 24 No No Yes

R222Q 6 36 No No Yes

S202L; A316T 18 48 Yes No Yes

Once in ESKD, patients either received palliative intervention, dialysis, or kidney transplantation. A group of 7 patients who received
palliative treatment, 9 who received dialysis, and 9 who received a kidney transplant had the survival results shown in Fig. 5 . When
survival was compared in the three treatment groups, the median (IQR) age at last report was 1.3 (5.6) for the group receiving palliative
care, 4.4 (7.4) for the group receiving only dialysis, and 8 (7) for the transplanted group. Based on our results, kidney transplantation
afforded a significant benefit to SPLIS patients compared to palliative care, whereas dialysis did not improve survival significantly over
palliative care.

Fig. 5

Impact of treatment on survival in SPLIS patients with nephropathy. Treatment of SPLIS patients varied: 9 received a kidney transplant (T); 9
only received dialysis (D); 7 only received palliative care (P). It should be noted that one of the patients receiving a transplant also received
pyridoxine therapy. Outcomes with dialysis were not significantly better than palliative care (p > 0.05). In contrast, transplanted patients were
older at time of last report than those receiving palliative treatment (p = 0.004); Mann Whitney with Bonferroni correction. Median among
transplanted cases was 8 years (IQR 7); dialysis 4.4 years (IQR 7.4); palliative care 1.3 years (5.6). Statistically no significant difference was
found in age at last report between T and D cases (p > 0.05), although survival trended higher in the T cases compared to D cases



Outcome of SPLIS patients without renal involvement
Eight SPLIS patients in our cohort did not have onset of renal involvement as of the time of last report, two of whom were diagnosed
before age 1. All are living at last report (although we have no follow up on one of the two infants). Four of the patients had isolated
neurological findings, three had isolated primary adrenal insufficiency, and one had both. Age at diagnosis ranged from 0.17 to 12 years
(median 1.75, IQR 7.8). Median age at last report for this group was 6.7 years (IQR 22.6), ranging from 0.17 to 32 years.

Outcome of SPLIS patients with prenatal findings
A variety of prenatal findings have been described in SPLIS patients (Fig. 6 ). These include hydrops, adrenal calcifications,
oligohydramnios, skin edema, polyhydramnios, adrenal hemorrhage, nuchal translucency, brain developmental defects, and fetal demise.
Regardless of the type of finding, whenever prenatal abnormalities were detected, they portended the early demise of the patient.

Fig. 6

Prenatal findings in SPLIS. The figure depicts the type and relative proportion of prenatal findings among all prenatal findings in SPLIS
patients for whom the data were available. Ca , calcification; NT, nuchal translucency++



Outcome of SPLIS patients by gender
Gender distribution was nearly equal among SPLIS subjects. There was a greater number of surviving males than females, with 58% of
males living at time of last report, median age 3 (IQR 7.3) compared to 37% of females, median age 2.2 (IQR 6.1), although this
difference was not significant (p = 0.09). More males than females had received a kidney transplant (8 of 38 males vs. 1 of 35 females),
and more males that females had the more favorable SGPL1 R222Q variant genotype (10 of 38 males vs. 3 of 35 females). These two
factors likely account for the higher survival of males compared to females in our cohort, but more observations will be required to
confirm this finding.

Discussion
Due to the recent discovery of SPLIS, the natural history of the condition is still poorly understood. In this retrospective cross-sectional
study, information from 76 cases was used to characterize the natural progression of the disease, identify clinical subgroups, and establish
influences on patient survival. Several important trends were observed.

First, SPLIS is a highly heterogeneous condition, as is typical of many inborn errors of metabolism. Heterogeneity is observed in SPLIS
with respect to age of first presentation, severity, organ involvement, and outcomes. Age at first clinical symptoms varied from in utero
(prenatal findings) to late childhood/teenage years. In some cases, the condition led to catastrophic events in infancy (seizures,
developmental regression, ESKD, and terminal events), whereas others are living in their fourth decade. Some patients exhibited only
peripheral neuropathy, whereas others (usually infants) exhibited all the characteristic features including kidney, endocrine, neurological,
immunological and skin manifestations. This degree of heterogeneity presents challenges for predicting the disease course, counseling
families, and designing and conducting clinical trials. To aid in future clinical trial study design and endpoint selection, we sought to
identify the most common disease manifestations, any clinical subgroups, and factors correlating with survival as an outcome.

Other than lymphopenia, which may be clinically significant but is often found incidentally, kidney disease is the most common
manifestation of SPLIS and the most likely to lead to death in early childhood. With a few exceptions, patients with signs of SPLIS before
age one year had kidney disease. Once recognized, proteinuria progressed to ESKD within five years in SPLIS patients. This is consistent
with the established patterns of progression in pediatric steroid-resistant nephrotic syndrome, wherein 50% of cases progress to ESKD
within ten years, but with progression being more likely and more rapid (i.e., within 4–5 years) in children diagnosed with monogenic
forms of the disease [ 51 ]. Many of the infants with nephropathy progressed to ESKD within less than six months. However, there was no
clear pattern that predicted rapid progression in this group.

Patients presenting with kidney disease as a first sign of SPLIS before the age of one year usually did not survive beyond age one in the
absence of treatment. Adrenal insufficiency and skin abnormalities (usually ichthyosis) sometimes manifest before one year of life. Eleven
patients had kidney disease and adrenal insufficiency before age one year. The presence or absence of adrenal insufficiency in patients with
SPLIS nephropathy did not influence survival outcomes (data not shown). Patients who progressed to kidney failure before the age of one
were more likely to have immune deficiency. Considering infection and sepsis represented the second most frequent cause of death in
SPLIS patients, a more detailed characterization of the immunological function in SPLIS patients and establishing whether prophylaxis



with antibiotics, intravenous immunoglobulin, or other proactive measures impact outcome are warranted. This information will be
essential to elucidating the clinical consequences of lymphopenia in SPLIS and guiding standard of care.

Other influences on survival in SPLIS included the presence of prenatal findings, which was uniformly associated with early mortality. On
the other extreme, patients homozygous for the SPL R222Q variant fared better than patients with all other genotypes combined. It has been
shown that this variant may be responsive to cofactor supplementation [ 10 ]. We have found that pyridoxine supplementation can prevent
SPLIS nephrosis in a knock-in mouse model of SPL R222Q homozygous variant SPLIS (our unpublished data). This suggests that patients
with the R222Q genotype may be appropriate candidates for a trial of pyridoxine therapy.

There is good evidence showing an association of genotype with phenotype in SPLIS patients including and in addition to the encouraging
outcome associated with the R222Q variant. As previously reported, mutations can destabilize the SPL protein and thus weaken or even
eliminate enzymatic activity, thus promoting disease [ 10, 23, 52 ]. Some mutations such as R222Q are responsible for a less severe form of
the disease, whereas other mutations such as R222W and S346I are calculated to cause a much greater destabilization of the protein and a
more rapidly developing disease with a catastrophic outcome. In the most severe cases of SPLIS, kidney disease generally manifests before
age one, and survival may be less than one year after diagnosis. On the other extreme, some individuals with SPLIS are living productive
lives in their twenties and thirties. To quantitate and compare the effects of genotype on SPL stability and thus effectiveness in metabolizing
S1P, we used the age at last report as a measure of survival after SPLIS diagnosis. Patients diagnosed with signs of SPLIS before the age of
one year had a median age at last report of 0.4 years compared to patients diagnosed at or after age one year, whose median age at last
report was 6.5 years. Kidney disease in the R222Q set of cases developed only after age one year, or not at all during this study. The median
survival of SPLIS patients with the R222Q genotype (6.8 years, IQR 13.8) is significantly greater than that of either R222W or S346I
genotype. The median for R222W is 0.1 (IQR 0.4) and for S346I is 0.1 (IQR 0.38). Two cases in each of the R222W and the S346I patient
groups suffered fetal demise.

We should note that the 222 position in each of the two chains of the SPL dimer is intimately involved in the stability of the catalytic site.
The substitution of glutamine for arginine (R222Q) breaks hydrogen bonds that help maintain the integrity of the catalytic site [ 23 ]. The
more severe disease caused by R222W is likely due to not only disruption of critical hydrogen bonds at the 222 position, but also due to
steric clash caused by substitution of the bulky tryptophan substitution for the wild type arginine [ 52 ]. Steric clash combined with
disruption of hydrogen bonding should cause further distortion of the molecular conformation in the catalytic site resulting in severe loss of
enzyme activity. However, even the bulky amino acid substitution of isoleucine for serine in a position remoted from the catalytic site, 346,
also can cause destabilizing perturbations that lead to loss of enzyme activity, as shown by S346I cases [ 23 ]. The substitution of isoleucine

for serine destabilizes the protein to an extent that is estimated to be 10 times that caused by substitution of glutamine for arginine [ 23 ].
While these genotype/phenotype correlations suggest that the degree of residual enzyme activity determines disease severity, systematic in
vitro analysis of the enzyme activity of purified variant proteins compared to wild type enzyme will be necessary to confirm this.

The number of patients receiving a kidney transplant in our study was small. Nonetheless, we observed a significant therapeutic effect of
transplantation in SPLIS patients with kidney disease, compared to patients receiving either dialysis or palliative care. There remains a
theoretical concern that high levels of circulating sphingolipids in SPLIS patients could ultimately damage the donor kidney over time.
However, we have no evidence in support of this notion. Future studies conducted in rodent models of SPLIS may be informative in
addressing this question. In the meantime, the mechanism of kidney damage has not yet been determined, and the survival benefit to SPLIS
patients with kidney failure is clear. Considering the fact that definitive treatments are already in development and clinical trials may be on
the horizon, kidney transplantation would seem an appropriate life-extending intervention in SPLIS patients with ESKD. We speculate that
a donor kidney could potentially provide a source of SPL enzyme activity and thereby reduce the risk of kidney and non-kidney SPLIS
manifestations and post-transplant kidney failure. Future studies may clarify if this is the case or not. The current study did not gather
information on the post-transplant experience in SPLIS. Addressing this complex topic adequately would involve consideration of patient
age, SGPL1 genotype, native kidney pathology, pre- and post-transplant immunosuppressive regimens, type and HLA/ABO compatibility of
graft, other medications, other SPLIS features and the impact of transplantation on various clinical and quality-of-life endpoints. Thus, we
elected not to include this topic in the current study. However, a detailed investigation of the post-transplant experience in SPLIS is clearly
needed.

The non-uniform method of data collection and inconsistent types of data available for our cohort was a limitation of our study. Due to the
rarity of SPLIS, the high mortality rate, and the recent recognition of this diagnostic entity, only a limited number of patients were available
for data collection. Thus, we opted for inclusivity, using all available data from published reports and personal communications, at the cost
of creating a non-uniform data set.

An additional limitation of our study was the exclusion of immunological, biochemical, radiological and other paraclinical results in our
analysis. Immunological profiling and plasma sphingolipid analyses are highlty complex endeavors, each of which involves detailed
methodology, establishment of pediatric reference range values, and quantitation of many different parameters. These endpoints are being
comprehensively analyzed under two ongoing clinical studies and will be reported separately. Imagenology results were also not included in
the current study. The limited reports and description of radiological results available in the current cohort of SPLIS patients was consistent
with our previously reported description of brain magnetic resonance imaging, brain computed tomography, and abdominal ultrasound and
computed tomography findings in a small series of SPLIS patients [ 26 ]. However, the lack of radiological results in the current study may
also be considered a limitation.

Our overall results provide an initial survey of the spectrum of SPLIS manifestations and identify major influences on overall survival in
SPLIS patients. The current study represents the largest study of SPLIS patients to date, with 76 subjects, 14 of whom are newly reported
cases—the largest single cohort to date. The spectrum of presentations and severity of disease in our previously unreported cohort and in
the study as a whole are consistent with those described in several previous reviews of the literature including our own (Pournasiri et al.,
Choi et al., Weaver et al.), and those of Tran et al., Roa-Bautista et al., Ozturk et al., Yang et al., and Maharaj et al. These other reports
focused on skin, endocrine and immunological manifestations of SPLIS. Our study provides novel information by revealing factors
affecting survival including kidney involvement, age of proteinuria detection, time to progression to ESKD, genotype, and presence of



prenatal findings. Our findings should be helpful in counseling families. Our study should also help to guide the design of a SPLIS
prospective natural history study that could validate these findings and provide a practical historical control group for future SPLIS clinical
trials. In the future, comprehensive analyses of plasma biomarkers, immunological parameters, radiological findings, and the biochemical
and clinical impact of currently available interventions (i.e., kidney transplantation, vitamin B6 supplementation) in SPLIS patients should
shed more light on the clinical features and management of SPLIS. Sufficient understanding of the disease will support the need of gene
replacement treatment in many patients.

Conclusions
Our results corroborate previous studies demonstrating that SPLIS is a phenotypically heterogeneous inborn error of sphingolipid
metabolism. We report fourteen new cases of SPLIS. We show that patients diagnosed with SPLIS nephropathy in the first year of life
represent a high-risk subgroup with a mortality of approximately 80% for which the risk/benefit of kidney transplantation and/or gene
therapy may be appropriate. Prenatal findings portend a dismal outcome in SPLIS. Genotype/phenotype interactions are beginning to
emerge, with patients homozygous for the SPL R222Q variant representing a subgroup of SPLIS with longer overall survival than all other
genotypes combined. Future studies comparing the level of residual enzyme activity in different SGPL1p variants are needed to confirm the
relationships between genotype and phenotype. Time to progression to ESKD in SPLIS is between one month and five years. Kidney
transplantation affords improved outcome compared to dialysis or palliative care in SPLIS patients with ESKD. Future studies
characterizing the post-transplant experience in SPLIS in greater detail will be helpful in guiding treatment decisions. A prospective natural
history study could further substantiate these findings and provide a practical historical control group for future SPLIS clinical trials.

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Acknowledgements
We are grateful for the support of Winnie Cheng, Rachel Zhang, Jiyeon Suh, Maya Merhige, and Chelsea Zhang curating the data and
performing quality control.

Author contributions
Conceptualization, methodology, investigation, formal analysis, JDS and NK; resources, funding acquisition, project administration,
supervision and writing—original draft preparation, JDS; data curation, writing—review and editing, JM, EK, HAL, GM, CM, NT, ZK, IK,
SM, TG, KB, HX, KA, GB, NW; All authors have read and agreed to the published version of the manuscript.

Funding
This research was supported by a grant from the National Institutes of Health, Eunice Kennedy Shriver National Institute of Child Health
and Human Development (1R01HD113778 to J.D.S.)

Availability of data and materials
All data supporting the findings of this study are available within the paper. SPLIS-associated genotypes and references in which the data
were extracted for each subject are provided in Table 4 . Example from reference 5 (Lovric et al.): https://www.jci.org/articles/view/89626.

Declarations
Ethics approval and consent to participate

The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of University of
California San Francisco (protocol 20–32291, date of approval 03/24/2021). Informed consent was obtained from all subjects involved in
the study through direct interaction with the Principal Investigator (Julie Saba). For subjects reported in the literature, the information is
publicly available, and no consent was obtained.

Consent for publication
All authors have consented to publication of this manuscript in the current form.

Competing interests
J.D.S. is an author on patent International Application Serial No. PCT/US2021/018613, “Adeno-Associated Viral (Aav)-Mediated SGPL1
Gene Therapy for Treatment of Sphingosine-1-Phosphate Lyase Insufficiency Syndrome (SPLIS)” published on 08/26/2021 and assigned
publication number WO 2021/168140. All other authors declare no conflicts of interest.

References

1. Weaver KN, Sullivan B, Hildebrandt F, et al. Sphingosine phosphate lyase insufficiency syndrome. In: Adam MP, Ardinger HH, Pagon
RA, et al., eds. GeneReviews. Seattle (WA), 2020.

2. Choi YJ, Saba JD. Sphingosine phosphate lyase insufficiency syndrome (SPLIS): a novel inborn error of sphingolipid metabolism. Adv
Biol Regul. 2019;71:128–40. https://doi.org/10.1016/j.jbior.2018.09.004.

3. Pournasiri Z, Madani A, Nazarpack F, et al. Sphingosine phosphate lyase insufficiency syndrome: a systematic review. World J Pediatr.
2022. https://doi.org/10.1007/s12519-022-00615-4.



4. Tastemel Ozturk T, Canpolat N, Saygili S, et al. A rare cause of nephrotic syndrome-sphingosine-1-phosphate lyase (SGPL1) deficienc
y: 6 cases and a review of the literature. Pediatr Nephrol. 2023;38(3):711–9. https://doi.org/10.1007/s00467-022-05656-5.

5. Yang S, He Y, Zhou J, Yuan H, Qiu L. Steroid-resistant nephrotic syndrome associated with certain SGPL1 variants in a family: Case re
port and literature review. Front Pediatr. 2023;11:1079758. https://doi.org/10.3389/fped.2023.1079758.

6. Maharaj A, Kwong R, Williams J, et al. A retrospective analysis of endocrine disease in sphingosine-1-phosphate lyase insufficiency: c
ase series and literature review. Endocr Connect. 2022. https://doi.org/10.1530/EC-22-0250.

7. Saba JD. Fifty years of lyase and a moment of truth: sphingosine phosphate lyase from discovery to disease. J Lipid Res. 2019;60(3):45
6–63. https://doi.org/10.1194/jlr.S091181.

8. Van Veldhoven PP. Sphingosine-1-phosphate lyase. Methods Enzymol. 2000;311:244–54.

9. Atkinson D, Nikodinovic Glumac J, Asselbergh B, et al. Sphingosine 1-phosphate lyase deficiency causes Charcot-Marie-Tooth neurop
athy. Neurology. 2017;88(6):533–42. https://doi.org/10.1212/WNL.0000000000003595.

10. Zhao P, Liu ID, Hodgin JB, et al. Responsiveness of sphingosine phosphate lyase insufficiency syndrome to vitamin B6 cofactor suppl
ementation. J Inherit Metab Dis. 2020;43(5):1131–42. https://doi.org/10.1002/jimd.12238.

11. Bektas M, Allende ML, Lee BG, et al. Sphingosine 1-phosphate lyase deficiency disrupts lipid homeostasis in liver. J Biol Chem. 201
0;285(14):10880–9. https://doi.org/10.1074/jbc.M109.081489.

12. Zhao P, Tassew GB, Lee JY, et al. Efficacy of AAV9-mediated SGPL1 gene transfer in a mouse model of S1P lyase insufficiency synd
rome. JCI Insight. 2021. https://doi.org/10.1172/jci.insight.145936.

13. Kihara A. Sphingosine 1-phosphate is a key metabolite linking sphingolipids to glycerophospholipids. Biochim Biophys Acta. 2014;1
841(5):766–72. https://doi.org/10.1016/j.bbalip.2013.08.014.

14. Uranbileg B, Kurano M, Kano K, et al. Sphingosine 1-phosphate lyase facilitates cancer progression through converting sphingolipids
to glycerophospholipids. Clin Transl Med. 2022;12(9):e1056. https://doi.org/10.1002/ctm2.1056.

15. Mitroi DN, Karunakaran I, Graler M, et al. SGPL1 (sphingosine phosphate lyase 1) modulates neuronal autophagy via phosphatidylet
hanolamine production. Autophagy. 2017;13(5):885–99. https://doi.org/10.1080/15548627.2017.1291471.

16. Mitroi DN, Deutschmann AU, Raucamp M, et al. Sphingosine 1-phosphate lyase ablation disrupts presynaptic architecture and functio
n via an ubiquitin- proteasome mediated mechanism. Sci Rep. 2016;6:37064. https://doi.org/10.1038/srep37064.

17. Alam S, Piazzesi A, Abd El Fatah M, Raucamp M, van Echten-Deckert G. Neurodegeneration caused by S1P-lyase deficiency involve
s calcium-dependent tau pathology and abnormal histone acetylation. Cells. 2020;9(10):2189. https://doi.org/10.3390/cells9102189.

18. Kim YI, Park K, Kim JY, et al. An endoplasmic reticulum stress-initiated sphingolipid metabolite, ceramide-1-phosphate, regulates ep
ithelial innate immunity by stimulating beta-defensin production. Mol Cell Biol. 2014;34(24):4368–78. https://doi.org/10.1128/MCB.
00599-14.

19. Elias PM, Williams ML, Crumrine D, Schmuth M. Inherited clinical disorders of lipid metabolism. Curr Probl Dermatol. 2010;39:30–
88. https://doi.org/10.1159/000321084.

20. Behne M, Uchida Y, Seki T, de Montellano PO, Elias PM, Holleran WM. Omega-hydroxyceramides are required for corneocyte lipid
envelope (CLE) formation and normal epidermal permeability barrier function. J Investig Dermatol. 2000;114(1):185–92. https://doi.o
rg/10.1046/j.1523-1747.2000.00846.x.

21. Smith CJ, Williams JL, Hall C, et al. Ichthyosis linked to sphingosine 1-phosphate lyase insufficiency is due to aberrant sphingolipid
and calcium regulation. J Lipid Res. 2023;64(4):100351. https://doi.org/10.1016/j.jlr.2023.100351.

22. Bamborschke D, Pergande M, Becker K, et al. A novel mutation in sphingosine-1-phosphate lyase causing congenital brain malformat
ion. Brain Dev. 2018;40(6):480–3. https://doi.org/10.1016/j.braindev.2018.02.008.

23. Lovric S, Goncalves S, Gee HY, et al. Mutations in sphingosine-1-phosphate lyase cause nephrosis with ichthyosis and adrenal insuffi
ciency. J Clin Invest. 2017;127(3):912–28. https://doi.org/10.1172/JCI89626.



24. Prasad R, Hadjidemetriou I, Maharaj A, et al. Sphingosine-1-phosphate lyase mutations cause primary adrenal insufficiency and steroi
d-resistant nephrotic syndrome. J Clin Invest. 2017;127(3):942–53. https://doi.org/10.1172/JCI90171.

25. Atreya KB, Saba JD. Neurological consequences of sphingosine phosphate lyase insufficiency. Front Cell Neurosci. 2022;16:938693.
https://doi.org/10.3389/fncel.2022.938693.

26. Martin KW, Weaver N, Alhasan K, et al. MRI spectrum of brain involvement in sphingosine-1-phosphate lyase insufficiency syndrom
e. AJNR Am J Neuroradiol. 2020;41(10):1943–8. https://doi.org/10.3174/ajnr.A6746.

27. Robinson PN, Kohler S, Bauer S, Seelow D, Horn D, Mundlos S. The Human Phenotype Ontology: a tool for annotating and analyzin
g human hereditary disease. Am J Hum Genet. 2008;83(5):610–5. https://doi.org/10.1016/j.ajhg.2008.09.017.

28. Khan R, Oskouian B, Lee JY, et al. AAV-SPL 2.0, a modified adeno-associated virus gene therapy agent for the treatment of sphingosi
ne phosphate lyase insufficiency syndrome. Int J Mol Sci. 2023;24(21):15560. https://doi.org/10.3390/ijms242115560.

29. Pizzamiglio C, Vernon H, Hanna M, Pitceathly R. Designing clinical trials for rare diseases: unique challenges and opportunities. Nat
Rev Methods Primers 2022;2(1)

30. Administration FaD. Rare diseases: Natural history studies for drug development. Draft guidance for industry: Office of the Commissi
oner, Office of Clinical Policy and Programs, Office of Orphan Products Development, Center for Druge Evaluation and Research, Ce
nter for Biologics Evaluation Research, 2019.

31. Ranch D. Proteinuria in children. Pediatr Ann. 2020;49(6):e268–72. https://doi.org/10.3928/19382359-20200520-04.

32. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendati
on of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015;17(5):
405–24. https://doi.org/10.1038/gim.2015.30.

33. Kopanos C, Tsiolkas V, Kouris A, et al. VarSome: the human genomic variant search engine. Bioinformatics. 2019;35(11):1978–80. ht
tps://doi.org/10.1093/bioinformatics/bty897.

34. Sedillo J, Badduke C, Schrodi S, et al. Prevalence estimate of sphingosine phosphate lyase insufficiency syndrome in worldwide and s
elect populations. Genet Med Open. 2024;2:100840.

35. Spizzirri AP, Cobenas CJ, Suarez ADC. A rare cause of nephrotic syndrome - sphingosine-1-phosphate lyase (SGPL1) deficiency: 2 ca
ses. Pediatr Nephrol. 2023;38(1):307–8. https://doi.org/10.1007/s00467-022-05716-w.

36. Saygili S, Canpolat N, Sever L, Caliskan S, Atayar E, Ozaltin F. Persistent hypoglycemic attacks during hemodialysis sessions in an i
nfant with congenital nephrotic syndrome: answers. Pediatr Nephrol. 2019;34(1):77–9. https://doi.org/10.1007/s00467-018-3982-7.

37. Seven Menevse T, Kendir Demirkol Y, Gurpinar Tosun B, et al. Steroid hormone profiles and molecular diagnostic tools in pediatric p
atients with non-CAH primary adrenal insufficiency. J Clin Endocrinol Metab. 2022;107(5):e1924–31. https://doi.org/10.1210/clinem/
dgac016.

38. Pezzuti IL, Silva IN, Albuquerque CT, Duarte MG, Silva JM. Adrenal insufficiency in association with congenital nephrotic syndrom
e: a case report. J Pediatr Endocrinol Metab. 2014;27(5–6):565–7. https://doi.org/10.1515/jpem-2011-0296.

39. Linhares N, Arantes R, Araujo S, Pena S. Nephrotic syndrome and adrenal insufficiency caused by a variant in SGPL1. Clin Kidney J.
2017;11:1–6.

40. Janecke AR, Xu R, Steichen-Gersdorf E, et al. Deficiency of the sphingosine-1-phosphate lyase SGPL1 is associated with congenital
nephrotic syndrome and congenital adrenal calcifications. Hum Mutat. 2017;38(4):365–72. https://doi.org/10.1002/humu.23192.

41. Settas N, Persky R, Faucz FR, et al. SGPL1 deficiency: a rare cause of primary adrenal insufficiency. J Clin Endocrinol Metab. 2018.
https://doi.org/10.1210/jc.2018-02238.

42. Roa-Bautista A, Sohail M, Wakeling E, et al. Combined novel homozygous variants in both SGPL1 and STAT1 presenting with severe
combined immune deficiency: case report and literature review. Front Immunol. 2023;14:1186575. https://doi.org/10.3389/fimmu.202
3.1186575.



43. Najafi M, Riedhammer KM, Rad A, et al. High detection rate for disease-causing variants in a cohort of 30 Iranian pediatric steroid re
sistant nephrotic syndrome cases. Front Pediatr. 2022;10:974840. https://doi.org/10.3389/fped.2022.974840.

44. Ron HA, Scobell R, Strong A, Salazar EG, Ganetzky R. Congenital adrenal calcifications as the first clinical indication of sphingosine
lyase insufficiency syndrome: a case report and review of the literature. Am J Med Genet A. 2022;188(11):3312–7. https://doi.org/10.
1002/ajmg.a.62956.

45. Mathew G, Yasmeen MS, Deepthi RV, et al. Infantile nephrotic syndrome, immunodeficiency and adrenal insufficiency-a rare cause: a
nswers. Pediatr Nephrol. 2022;37(4):817–9. https://doi.org/10.1007/s00467-021-05377-1.

46. Mathew G, Yasmeen MS, Deepthi RV, et al. Infantile nephrotic syndrome, immunodeficiency and adrenal insufficiency-a rare cause: q
uestions. Pediatr Nephrol. 2022;37(4):813–5. https://doi.org/10.1007/s00467-021-05357-5.

47. Buyukyilmaz G, Adiguzel KT, Aksoy OY, et al. Novel sphingosine-1-phosphate lyase mutation causes multisystemic diseases: case re
port. Turk J Pediatr. 2023;65(6):1025–32. https://doi.org/10.24953/turkjped.2022.187.

48. Tran P, Jamee M, Pournasiri Z, Chavoshzadeh Z, Sullivan KE. SGPL1 deficiency: nephrotic syndrome with lymphopenia. J Clin Imm
unol. 2022. https://doi.org/10.1007/s10875-022-01348-9.

49. Taylor VA, Stone HK, Schuh MP, Zhao X, Setchell KD, Erkan E. Disarranged sphingolipid metabolism from sphingosine-1-phosphate
lyase deficiency leads to congenital nephrotic syndrome. Kidney Int Rep. 2019;4(12):1763–9. https://doi.org/10.1016/j.ekir.2019.07.0
18.

50. Reiss U, Oskouian B, Zhou J, et al. Sphingosine-phosphate lyase enhances stress-induced ceramide generation and apoptosis. J Biol C
hem. 2004;279(2):1281–90.

51. Bierzynska A, McCarthy HJ, Soderquest K, et al. Genomic and clinical profiling of a national nephrotic syndrome cohort advocates a
precision medicine approach to disease management. Kidney Int. 2017;91(4):937–47. https://doi.org/10.1016/j.kint.2016.10.013.

52. Saba JD, Keller N, Wang JY, Tang F, Slavin A, Shen Y. Genotype/phenotype interactions and first steps toward targeted therapy for sp
hingosine phosphate lyase insufficiency syndrome. Cell Biochem Biophys. 2021;79(3):547–59. https://doi.org/10.1007/s12013-021-0
1013-9.




