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We identified two unrelated consanguineous families with three children affected by the rare 

association of congenital nephrotic syndrome diagnosed in the first days of life, of hypogonadism, 

and of prenatally detected adrenal calcifications, associated with congenital adrenal insufficiency 

in one case. Using exome sequencing and targeted Sanger sequencing two homozygous truncating 

mutations, c.1513C>T (p.Arg505*) and c.934delC (p.Leu312Phefs*30), were identified in SGPL1 
encoding sphingosine-1-phosphate lyase 1. SGPL1 catalyzes the irreversible degradation of 

endogenous and dietary sphingosine-1-phosphate (S1P), the final step of sphingolipid catabolism, 

and of other phosphorylated long-chain bases. S1P is an intra- and extracellular signaling molecule 

involved in angiogenesis, vascular maturation, and immunity. The levels of SGPL1 substrates, S1P 

and sphingosine were markedly increased in the patients’ blood and fibroblasts, as determined by 

liquid chromatography-tandem mass spectrometry. Vascular alterations were present in a patient’s 

renal biopsy, in line with changes seen in Sgpl1 knockout mice that are compatible with a 

developmental defect in vascular maturation. In conclusion, loss of SGPL1 function is associated 

with congenital nephrotic syndrome, adrenal calcifications, and hypogonadism.
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Introduction

Congenital nephrotic syndrome (CNS, MIM# 256300) is characterized by the presence of 

massive proteinuria, hypoalbuminemia, and generalized edema developing within the first 3 

months of life. This rare disease generally results from a disturbed function of the 

glomerular filtration barrier. Mutations affecting the integrity of its crucial components like 

the podocytes or the basement membrane can be identified in the majority of patients. 

Therapeutic efforts aim at the stabilization of the plasma protein concentration and 

eventually require nephrectomy, dialysis and kidney transplantation. CNS most often 

presents as isolated renal disease but several syndromic forms are also recognized. Of more 

than 30 genes that cause CNS when mutated, NPHS1 (nephrin, MIM# 602716), NPHS2 
(podocin, MIM# 604766), LAMB2 (laminin β2, MIM# 150325), WT1 (Wilms tumour 

suppressor 1, MIM# 607102), and PLCE1 (phospholipase C ε, MIM# 608414) account for 

>85% of cases (Sadowski et al., 2015; Trautmann et al., 2015).

Pre- and perinatally detected adrenal calcifications are also rare and might have resulted 

from certain intrauterine infections, or from adrenal hemorrhage in the context of 

resuscitation. It can also result from a number of monogenic steroid biosynthetic defects in 

the form of lipoid adrenal hyperplasia (LCAH, MIM# 201710) (Miller, 2016) and occurs in 

cholesteryl ester storage disease due to lysosomal acid lipase deficiency (LAL, MIM# 

178000) due to LIPA (lipase A, lysosomal acid type, MIM# 613497) mutations (Anderson et 

al., 1994). LCAH-causing steroid biosynthetic defects and LAL deficiency do not present 

with CNS.
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The association of congenital proteinuria and adrenal calcifications is very rare and was first 

reported in three patients of American Indian origin (Powers et al., 1990), and later in an 

Indian patient with congenital nephrotic syndrome, adrenal calcifications, and a cardiac 

malformation (Indumathi et al., 2005), and in two patients who were first cousins (Schreyer-

Shafir et al., 2014). One male patient had non-palpable testes and micropenis, and another 

patient had pericardial and pleural effusions, generalized hydrops, and a cleft palate. 

Reported patients mostly died within the first months of life, of undocumented cause or from 

infections. Here we report the identification of truncating mutations in SGPL1 
(sphingosine-1-phosphate lyase 1, MIM# 603729) in patients from two unrelated families 

with congenital proteinuria and adrenal calcifications, which represents a rare syndromic 

form of CNS and a novel disorder in the catabolism of sphingolipids.

Materials and Methods

Patients

The association of CNS and adrenal calcifications was reported in two male cousins (patient 

1 and 2) from a consanguineous Arab family (family 1, Fig. 1A) (Schreyer-Shafir et al., 

2014). Both mothers had an elevated risk for trisomy 21 on maternal serum biochemical 

screening and a borderline uE3 serum level. This with abnormal nuchal translucency 

prompted us to rule out chromosomal abnormalities and Smith-Lemli-Opiz syndrome (MIM 

#270400). Fetal karyotype and chromosomal microarray analysis (CMA) performed on 

chorionic villous cells were normal in patient 1. Maternal serological testing for 

Toxoplasma, Rubella, CMV and parvovirus did not suggest maternal infection during the 

pregnancy and sequence analysis of LIPA and WT1 was normal in patient 2. Renal autopsy 

findings in patient 2 who deceased at 3 months of age demonstrated a normal architecture 

with areas of focal segmental or global sclerosis, with foci of calcification within the 

interstitial and glomerular compartments (Supp. Figure S1). There was cystic dilatation of 

the proximal tubuli with hyaline droplets or cytoplasmic lipid droplets in a portion of tubular 

cells. There was expansion of the interstitial space with inter-tubular connective tissue. Of 

note, blood vessels showed hypertrophic thickened vessel walls and perivascular sclerosis 

(Fig. 1B).

Both children were born at 38 weeks of gestation with birth weights of 3270 grams (50th 

percentile) and 3500 grams (50–90th percentile). Massive proteinuria was diagnosed at the 

ages of 6 weeks and 2 days, respectively. Both patients had a small penis and no palpable 

testes. Low baseline testosterone levels, lack of testosterone response to HCG test and 

exaggerated gonadotrophins response to early life luteinizing hormone releasing hormone 

test were suggestive of testicular dysfunction which was confirmed by a very low level of 

Mullerian inhibitory factor. Bilateral adrenal calcifications were found at 6 weeks of age and 

at 21weeks of gestation, respectively. The children died suddenly at the age of 7 weeks and 3 

months, respectively, and autopsies were not performed.

Here, we report another patient (patient 3, Fig. 1C) with the association of CNS, congenital 

adrenal insufficiency and adrenal calcifications, the third child of healthy European parents 

who are 3rd cousins (family 2). Two older siblings were healthy.
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Routine ultrasound revealed a unilateral hydrothorax and a generalized skin edema (2 to 3.7 

mm) in the 12th week of gestation. However, hydrothorax and skin edema were not 

recognizable any more at 16 weeks of gestation.

Fetal karyotyping revealed a normal male karyotype. Maternal serological testing excluded 

toxoplasma, rubella, CMV and parvovirus infection during pregnancy. The patient was born 

at 37 weeks of gestation by Cesarean section weighing 3075 grams. A micropenis and 

cryptorchidism with a small inguinal testis at the right side and no testis at the left side were 

noted. Subsequent investigations revealed adrenal calcifications (Fig. 1D) and primary 

adrenal insufficiency that required corticoid supplementation. Hormones in the first week of 

life were altered reflecting hypergonadotropic hypogonadism with elevated LH/FSH and 

decreased testosterone levels. The boy developed generalized edema in the first week of life 

and was found to have severe hypoalbuminemia and proteinuria and was diagnosed with 

CNS. The patient developed end stage renal failure at one month of age and renal 

replacement therapy was started. In the first 5 months of life, the patient did not tolerate oral 

feeding and required parenteral nutrition. A gastroduodenoscopy was performed at the age 

of 4.5 months and revealed neither macroscopic abnormalities nor structural defects or signs 

of inflammation on light microscopy. Electron microscopic examination did not reveal any 

ultrastructural abnormalities of the duodenal epithelium; all cell types appeared normal, with 

moderate amounts of endosomes and lysosomes present, likely reflecting total parenteral 

nutrition of this patient (data not shown). Targeted sequence analyses of LIPA and WT1 
were normal in this patient.

The resemblance of the perinatal presentation of these three patients born to consanguineous 

families of Arab and European origin were suggestive that they had the same disease due to 

a common cause. Bilateral adrenal calcifications and CNS with hypogonadism suggested a 

new clinical entity of autosomal recessive inheritance.

Whole-exome sequencing

Written informed consent for molecular research investigations was obtained from the 

patient’s parents, and the studies were approved by the local ethics committees. DNA was 

extracted from peripheral leukocytes following standard protocols. We performed whole-

exome sequencing (WES) in probands from the Arab and the European family. Exonic and 

adjacent intronic regions were enriched from genomic DNA derived from peripheral blood 

via the SureSelect All Exon V4 and V6 target enrichment kits from Agilent Technologies, 

and paired-end sequencing was performed on Illumina HiSeq2000 and HiSeq4000 

platforms, respectively. Paired-end reads of 100 bp (patient 2) and 125 bp (patient 3) were 

aligned to the human reference genome with Burrows-Wheeler transformation (BWA, v.

0.7.12).(Li and Durbin, 2009) PCR-duplicates were removed with PICARD (v.2.0.1, http://

picard.sourceforge.net) and single nucleotide substitutions, and small indels were called with 

SAMtools software (v.1.3). The variants were annotated using SNPeff (patient 2) (Cingolani 

et al., 2012) and SeattleSeq (http://snp.gs.washington.edu/SeattleSeqAnnotation/) (patient 

3). PICARD’s CalculateHsMetrics function was used to search for homozygous deletions of 

entire exons in the patients and not present in in-house exome datasets.
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Exons 14 and 11 of SGPL1 were PCR-amplified and directly sequenced in available samples 

from families 1 and 2, respectively, with primers available from the authors. The SGPL1 
variant designation is based on the NCBI reference sequence for transcript NM_003901.3 
(corresponding to Ensembl reference sequence ENST00000373202.7) and the genomic 

reference sequence ENSG00000166224. Nucleotide numbering uses +1 as the A of the ATG 

translation initiation codon in the reference sequence, with the initiation codon as codon 1.

Sphingolipid analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS)

Blood samples were taken from patient 3 with a homozygous truncating mutation in the 

SGPL1 gene at age 5 months and from 2 healthy adult controls (36-year old male, 32-year 

old female) within the same hour and were transported and processed simultaneously. 

Fibroblast cultures from patient 3 and from two healthy adult controls (44-year old male, 39-

year old female) were derived from skin punch biopsies, taken at different times. They had 

similar passage times when they were grown to 90% confluence in Innsbruck and shipped 

and processed together at the biochemistry lab in New York. Two ml of RPMI were added to 

100 ul of each blood sample. To extract lipids, 2 ml extraction buffer, ethyl acetate/

isopropanol/water (60/30/10, v/v) were added. After the extraction, formic acid was added to 

the organic phase. The lipids were extracted from the blood by the extraction buffer once 

more. After 2 extractions, they were combined and dried down under N2 gas stream. 

Sphingolipids were determined by LC-MS/MS performed on a TSQ 7000 triple quadruple 

mass spectrometer (Thermo Finnigan; Ringoes, NJ) as described (Bielawski et al., 2006). 

Skin fibroblasts were cultured to 90% confluence in DMEM medium containing 20% FBS 

before being harvested for sphingolipid profiling by LC-MS/MS.

Results

Detection of homozygous truncating SGPL1 variants

The mean on-target coverage and the percentage of bases covered at least 20 times of their 

exomes were 50× and 56% for patient 2, and 114× and 95.7% for patient 3. Filtering the 

WES data for variants predicted to affect protein sequence or exon splicing with a MAF < 

0.001 in dbSNP, in the Exome Variant Server, the 1000 Genomes Project, or in in-house 

databases under an autosomal-recessive disease model immediately provided one plausible 

candidate gene, SGPL1 (RefSeq accession number NM_003901.3): Both patients had 

homozygous mutations, (NM_003901.3) c.1513C>T (p.Arg505*) (patient 2) and 

(NM_003901.3) c.934delC (p.Leu312Phefs*30) (patient 3), in SGPL1 that predicted severe 

truncation of the encoded 568-amino acid protein, or rather nonsense-mediated mRNA 

decay of the transcripts. Both variants were not listed in dbSNP, ESP, and EXAC databases. 

Both parents of patient 2 were heterozygous carriers of the c.1513C>T variant (Fig. 1E) and 

both parents of patient 3 were heterozygous carriers of the c.934delC variant (Fig. 1F). The 

phenotype and variant information was submitted to the LOVD database (http://

databases.lovd.nl/shared/individuals/00095243 (patient 3) and /00095244 (patient 2)). Under 

an autosomal recessive model and segregation analyses in families (Fig. 1) by Sanger 

sequencing there were no other rare or private, potentially disease causing variants, in 

homozygous or compound-heterozygous state seen in patient 3 and there were two missense 

variants of unknown significance present in IL17RC (MIM #610925) and ANLN (MIM 
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#616027) genes in patient 2, respectively. Unfortunately, we could not study patient 1 and 

his parents.

The stop mutation in SGPL1 alters sphingolipid levels in blood and in cultured fibroblasts

SGPL1 (also named SPL; EC 4.1.2.27) catalyzes the irreversible degradation of endogenous 

and dietary sphingosine-1-phosphate (S1P) to hexadecenal and ethanolamine phosphate by 

cleaving the C2–3 carbon bond in S1P (van Veldhoven and Mannaerts, 1993). It is an 

endoplasmic reticulum-resident, integral membrane protein with the active, cofactor 

pyridoxal 5′-phosphate binding domain exposed to the cytosol (Zhou and Saba, 1998; Van 

Veldhoven et al., 2000; Ikeda et al., 2004). The sphingolipid metabolism relating to SGPL1 

is outlined in Figure 2. To investigate how the stop mutation in the SGPL1 gene affected 

sphingolipid metabolism in the patients, we performed the profiling of sphingolipids in 

blood samples from the patient and two healthy individuals. As expected, we found that the 

patient had higher blood levels of S1P (Fig. 3A) compared to the healthy individuals because 

S1P is the major endogenous substrate of SGPL1. The patient also had much higher levels of 

sphingosine (SPH), the immediate precursor of S1P (Fig. 3B). Interestingly, the patient had 

lower levels of dihydrosphingosine (DHS) (Fig. 3C), dihydrosphingosine-1-phosphate 

(DHS1P) (Fig. 3D), ceramides (Fig. 3E), dihydroceramides (Fig. 3F), sphingomyelins, and 

monohexosylceramides in the blood (Supp. Figure S2A, B). In cultured skin fibroblasts, S1P 

(Fig. 3G), SPH (Fig. 3H), DHS (Fig. 3I), and DHS1P (Fig. 3K) were increased in the patient 

compared to healthy controls. However, total ceramides or dihydroceramides were not 

significantly different between patient and controls (Supp. Figure S2C, D). Collectively, we 

show that a homozygous truncating SGPL1 mutation leads to significantly altered levels of 

sphingolipid metabolism intermediates.

Discussion

Here we report that homozygous truncating SGPL1 mutations are present in unrelated 

families with CNS associated with adrenal calcifications and hypogonadism. We 

demonstrate significant changes in sphingolipid levels with high elevations in S1P and SPH 

in full blood and fibroblasts from one of these patients. Levels of other sphingolipids were 

variably affected in blood and fibroblasts indicating that the truncating mutation likely leads 

to a loss of the catalytic activity of SGPL1.

S1P represents an intermediate in the metabolism of the cell membrane components 

sphingomyelin and glycosphingolipids and is the ligand for a family of five differentially 

expressed extracellular G-protein-coupled receptors (Hla, 2004), which generate 

downstream signals that regulate angiogenesis, vascular maturation, cardiac development 

and immunity, and are important for directed cell movement. S1P exerts intracellular effects 

as well but those are incompletely understood (Hait et al., 2009; Alvarez et al., 2010). S1P is 

generated by phosphorylation of SPH by two sphingosine kinase isoenzymes (SphK1 and 

SphK2) (Maceyka et al., 2005), and can be dephosphorylated by S1P phosphatases, by 

nonspecific lipid phosphate phosphatases (Pyne et al., 2009), or cleaved irreversibly by 

SGPL1. Intracellular S1P levels are normally low and tightly regulated spatio-temporally 

(Lee et al., 1999; Kono et al., 2008). The European patient accumulated SPH, the precursor 
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of S1P, in the blood to a greater extent than S1P, likely due to a feedback inhibition of 

SphK1 and SphK2 by their product S1P. Interestingly, total levels of ceramides, the 

precursors of SPH, were slightly but significantly decreased in the patient’s blood compared 

to the healthy controls, as were more complex sphingolipids sphingomyelins and 

monoglucosylceramides, which both are derived from ceramides. As ceramides are 

synthesized de-novo from serine and palmitoyl-CoA through multiple enzymatic steps 

(Merrill, 2002), we postulate that the decreases in the levels of ceramides and their complex 

sphingolipid derivatives may be due to a feedback inhibition in the de novo biosynthetic 

pathway of ceramides. This is supported by the findings that the levels of both DHS and 

dihydroceramides, intermediates in the de novo pathway for ceramide biosynthesis were also 

decreased in the patient’s blood. These results suggest that SGPL1 is a key enzyme in the 

homeostasis of sphingolipids in humans.

Ample evidence has suggested the possible involvement of sphingolipids in the development 

of various diseases. Indeed, the accumulation of SPH in patients with Niemann-Pick disease 

type C1 (NPC) might be responsible for the clinical effects (Lloyd-Evans et al., 2008) as 

SPH is a highly cytotoxic bioactive lipid that can induce apoptosis and necrosis (Cuvillier, 

2002). Recent studies demonstrated that high levels of S1P could also lead to the death of 

certain cell types (Davaille et al., 2002; Le Stunff et al., 2002) although S1P in general is a 

pro-survival bioactive lipid. These results suggest that the symptoms observed in the patients 

might be caused by the accumulation of S1P and SPH in the blood, fibroblasts and 

potentially in other tissues. However, we cannot yet exclude the possibility that a lack of 

phosphoethanolamine production contributes in part to the mutant phenotype, such as was 

shown in the model organism Leishmania major (Zhang et al., 2007).

The renal changes seen in our patient might have resulted from a developmental signaling 

defect of angiogenic factors due to constantly elevated S1P levels. Indeed, EGF, PDGF, and 

VEGF, and other growth and pro-angiogenic factors stimulate and translocate SphK1 to the 

plasma membrane, resulting in local formation of S1P (Pitson, 2011). Binding of S1P to the 

S1PR1 receptor can increase PDGF and VEGF production, resulting in further S1P 

generation via positive feedback, and leads to transactivation of the respective growth factor 

receptors that in turn activate downstream signals that regulate vascular remodeling and cell 

movement (Liu et al., 2000; Hobson et al., 2001). Interestingly, homozygous Sgpl1 knockout 

mice developed proteinuria, swollen and hemorrhagic glomeruli. Homozygous Sgpl1 
knockout mice failed to thrive after birth and died at the time of weaning. They had vascular 

abnormalities, which lead to fetal hemorrhage and anemia, and skeletal defects, improper 

palatal fusion, thoracic malformations of the sternum, ribs and vertebrae (Schmahl et al., 

2007). Sgpl1 has a glomerular expression and most knockout mice showed a reduction in the 

number of smooth muscle actin-positive cells in the glomeruli, suggesting that these cells 

did not migrate into the glomerular space. This is supported by the observation that 

embryonic fibroblasts from Sgpl1 knockout mice show migration defects in vitro (Schmahl 

et al., 2007). In developing kidney glomeruli, PDGF-B is expressed by glomerular 

endothelium and drives the proliferation of mesangial cells contributing to the complex 

networks of capillaries, which create the large surfaces needed for filtration/excretion in the 

kidney (Lindahl et al., 1998).

Janecke et al. Page 7

Hum Mutat. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vascular and cell migration defects have been observed in Pdgfrb- and S1pr1-knockout mice 

as well. Although S1pr1−/− embryos developed a vascular network, they died in utero at 

E12.5–E14.5 due to defective coverage of large vessels by pericytes and vascular smooth 

muscle cells (VSMCs) (Liu et al., 2000). Together with the identification of Sgpl1 as a 

downstream target of PDGF signaling (Schmahl et al., 2007) these defects indicate that 

SGPL1 might have a role in the regulation of mammalian angiogenesis and other 

developmental processes.

Adrenal calcification and function have not been addressed in Sgpl1 knockout mice. 

However, the importance of sphingolipids in steroid-hormone biosynthesis is known. 

Intriguingly, the balance between levels of SPH and S1P might act as a switch to turn-on or - 

off steroid-hormone production in response to ACTH in the adrenal cortex (Ozbay et al., 

2006; Urs et al., 2006; Urs et al., 2007). Tight control of sphingolipid intermediates has also 

been shown to be required for normal growth and development in D. melanogaster, as 

revealed through a genetic epistasis analysis (Herr et al., 2003).

The three different steroidogenic cell types in the testis, ovary, and adrenal are all under 

endocrine control from the pituitary and male and female Sgpl1 knockout mice are sterile, 

and the genital abnormalities seen in our patients might represent primary defects of SGPL1 

deficiency. In contrast to Sgpl1 knockout mice (Borowsky et al., 2012), the young patients 

described here did neither present with lymphopenia, nor with neurological or hepatic 

symptoms, and there were none of the marked changes seen in levels of non-sphingolipid 

metabolites, serum and liver triglycerides, cholesterol, and phospholipids.

The SGPL1 enzyme is conserved from yeast to humans and its loss of activity had 

detrimental effects in several model organisms, i.e. abnormalities of growth regulation and 

carbon metabolism were revealed in Saccharomyces cerevisiae (Gottlieb et al., 1999), 

developmental and migration defects in Dictyostelium discoideum (Li et al., 2001), 

reproductive defects in Caenorhabditis elegans (Mendel et al., 2003), and defects of 

reproductive organs and muscles in Drosophila melanogaster (Herr et al., 2003) following 

SGPL1 inactivation. These observations are in support of our conclusion, that truncating 

SGPL1 mutations that inactivate the catalytic function of the enzyme lead to an 

accumulation of S1P and SPH in blood, fibroblasts and probably in many other tissues, 

which may be responsible for the developmental and functional effects observed in the 

patients.

As roles for S1P-mediated signaling were also implicated in pathological angiogenesis, 

cancer, inflammation, allergy, autoimmune diseases, diabetes, and the response to ischemic 

injury of the heart, kidney and brain (Aguilar and Saba, 2012), an SPH analogue and S1P 

receptor antagonist, FTY720 (fingolimod), and a humanized form of the monoclonal S1P-

specific antibody LT1009 (O’Brien et al., 2009) are available, and might represent means to 

lower S1P levels in patients with SGPL1 deficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pedigrees, clinical findings and SGPL1 mutations
A. Pedigree of family 1. Individuals II-1, II-2, III-1, III-2, and III-3 were available for 

mutation segregation analyses. B. Kidney biopsy of patient 2 at the age of 3 months 

(Masson’s stain) demonstrated focal segmental or global sclerosis, and hypertrophic 

thickened vessel walls and perivascular sclerosis of blood vessels. C. Pedigree of family 2. 

Individuals V-1, V-2, and VI-3 were available for mutation segregation analyses. D. Plain 

radiograph of patient 3 taken at 3 months of age shows bilateral adrenal calcifications 

(arrows). E. Sanger sequencing confirms the presence of a SGPL1 stop mutation in family 1 

and a SGPL1 frameshift mutation in family 2 (F). The mutations are present in homozygous 

state in each patient and in heterozygous state in both parents of each patient (one carrier 

parent is shown in each case). Nucleotide numbering uses +1 as the A of the ATG translation 

initiation codon in the reference sequence, with the initiation codon as codon 1.
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Figure 2. 
Outline of the metabolism of sphingolipids with emphasis on SGPL1.
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Figure 3. The frameshift mutation in the SGPL1 gene alters blood and skin fibroblast 
sphingolipid levels
Blood samples were collected from healthy individuals (Control 1 and Control 2) and patient 

3, and subjected to LC-MS/MS for the levels of sphingoid base phosphates, sphingoid bases, 

total ceramides, total dihydroceramides, total sphingomyelins, and total 

monohexosylceramides. Results for S1P (A), SPH (B), DHS1P (C), DHS (D), ceramide (E), 

dihydroceramide (F) are shown. The data represent mean values ± SD, n=3. *p<0.05. Skin 

fibroblasts from either healthy individuals (Control 1 and Control 2) and patient 3 were 

cultured to a 90% confluence in DMEM medium containing 20% FBS before being 

harvested for sphingolipid profiling by LC-MS/MS. The levels of sphingoid bases, 

sphingoid base phosphates, total ceramides, or total dihydroceramides were determined. In 

cultured skin fibroblasts, S1P (G), SPH (H), DHS1P (I), and DHS (K) were increased in the 

patient compared to healthy controls. For each sample, the data represent mean values from 

three measurements.
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