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Abstract

Objective: Ceramides are precursors of complex sphingolipids (SLs), which are

important for normal functioning of both the developing and mature brain.

Altered SL levels have been associated with many neurodegenerative disorders,

including epilepsy, although few direct links have been identified between genes

involved in SL metabolism and epilepsy. Methods: We used quantitative real-

time PCR, Western blotting, and enzymatic assays to determine the mRNA,

protein, and activity levels of ceramide synthase 2 (CERS2) in fiibroblasts iso-

lated from parental control subjects and from a patient diagnosed with progres-

sive myoclonic epilepsy (PME). Mass spectrometry and fluorescence

microscopy were used to examine the effects of reduced CERS2 activity on cel-

lular lipid composition and plasma membrane functions. Results: We identify a

novel 27 kb heterozygous deletion including the CERS2 gene in a proband

diagnosed with PME. Compared to parental controls, levels of CERS2 mRNA,

protein, and activity were reduced by ~50% in fibroblasts isolated from this

proband, resulting in significantly reduced levels of ceramides and sphingomye-

lins containing the very long-chain fatty acids C24:0 and C26:0. The change in

SL composition was also reflected in a reduction in cholera toxin B immuno-

fluorescence, indicating that membrane composition and function are altered.

Interpretation: We propose that reduced levels of CERS2, and consequently

diminished levels of ceramides and SLs containing very long-chain fatty acids,

lead to development of PME.

Introduction

Progressive myoclonic epilepsy (PME) is a heteroge-

neous group of disorders characterized by myoclonus,

tonic-clonic seizures, and progressive neurological dys-

function, including cognitive impairment and ataxia.

Disease onset and symptoms vary greatly among these

disorders. A greater understanding of the underlying

pathophysiological processes would help both diagnosis

and treatment.1–3
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Sphingolipids (SLs) are abundant in nervous tissue

and are especially enriched in myelin. Most typical mye-

lin lipids are cerebrosides (glucosylceramide [GlcCer] and

galactosylceramide [GalCer]), which are approximately

10-fold more abundant in white compared to gray mat-

ter.4 GalCer is the most abundant cerebroside in the

brain, and is especially enriched in C22-24-fatty acids

(FAs).4,5 Sphingomyelin (SM) is another major myelin

lipid and is highly enriched in C18- and C24-SLs. During

development, C18-SM decreases from 80% to 30% of the

total SM content in myelin, while C24-SM increases from

4% to 33%. Oligodendrocytes show a SL composition

similar to myelin and are also enriched in C24-SLs.4,5

Gangliosides, acidic glycosphingolipids, are predominantly

comprised of C18-SLs, and are especially enriched in gray

matter.6

Ceramides are the building blocks of all complex SLs

(Fig. 1). In mammals, Ceramides are synthesized by a

family of six enzymes (CERS1-6), which all display dis-

tinct tissue expression levels and utilize acyl-CoAs of

defined chain length (reviewed in7,8). Ceramide synthase

2 (CERS2) is the most widely expressed and is especially

abundant in liver and kidney, and primarily uses C22-

C24-acyl-CoAs for ceramide synthesis.9 CERS1 predomi-

nantly uses C18:0- and C18:1-acyl-CoAs is the most

abundant ceramide synthase in the central nervous sys-

tem, and more abundant in gray matter than in white

matter; however, CERS2 is also highly expressed in white

matter.10 Knockout of CerS2 in mice results in decreased

levels of C22-24-ceramides and -SLs in the brain, whereas

long-chain ceramides, for example, C18-ceramide and

sphinganine, increase. In addition to impaired liver func-

tion,11 CerS2 null mice exhibit a number of nervous sys-

tem dysfunctions, including myelin sheath defects and

cerebellar degeneration, which consequently results in

abnormal motor function, including generalized and sym-

metrical myoclonic jerks and sensitivity to auditory stim-

uli.9,12,13 CerS2 null mice also have altered biophysical

membrane properties and show elevated levels of reactive

oxygen species in the liver due to impaired activity of

mitochondrial complex IV.14–16

Previously, homozygous loss of GM3 synthase (also

known as lactosylceramide a-2,3 sialyltransferase) has

been linked to infantile-onset, symptomatic epilepsy syn-

drome,17 and more recently two CerS1 knockout mice

strains have been shown to display degeneration of cere-

bellar Purkinje neurons and accumulation of lipofuscin.18

As altered SL levels are found in many neurodegenerative

disorders and in a variety of other diseases,19 understand-

ing the consequences of these alterations and deciphering

SL regulation, as well as its impact on cellular properties,

may provide novel therapeutic targets.
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Figure 1. Overview of sphingolipid metabolism. Ceramide is at the central hub of sphingolipid metabolism and is synthesized de novo from

serine and palmitoyl-CoA. In the third step of this four-step process, ceramide synthases acylate dihydro-sphingosine (dHSphingosine) to form

dihydro-ceramide (dHCeramide). Six mammalian ceramide synthases (CERS1-6) (shown in red) have been identified and each of these utilizes a

unique subset of acyl-CoAs (indicated beneath each CERS). Once formed, ceramide can be metabolized in five different ways: (1) Ceramide can

be phosphorylated by ceramide kinase (CERK). (2) Ceramide can be glycosylated by galactosylceramide (GalCer) synthase producing GalCer which

can be further metabolized into sulfatides. (3) Attachment of phosphocholine to ceramide yields sphingomyelin (SM) in a reaction catalyzed by

SM synthase (SMS). (4) Glycosylation of ceramide by glucosylceramide (GlcCer) synthase followed by galactosyltransferase I (GalTI) produces

GlcCer and lactosylceramide (LacCer), respectively. LacCer constitute the foundation for the synthesis of more complex glycosphingolipids

including gangliosides GM1 and GM3. (5) Ceramide can be degraded to sphingosine, which in turn can be phosphorylated to sphingosine 1-

phosphate (sphingosine1P) and further degraded into hexadecanal and ethanolamine 1-phosphate (ethanolamine1P). The last step is the only

known exit route from the sphingolipid pathway. SPT, serine palmitoyltransferase; 3KSR, 3-ketosphinganine reductase; DES, dihydroceramide

desaturase; CPP, ceramide phosphatase; CBS, cerebrosidase; ASA, arylsulfatase A; CST, cerebroside sulfotransferase; SMase, sphingomyelinase;

SK, sphingosine kinase; SPP, sphingosine phosphate phosphatase; SPL, sphingosine1P lyase.
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Case Report

The proband is a 30-year-old man born to unrelated

Caucasian parents with no family history of known

chromosomal abnormalities, epilepsy, or developmental

delay. Pregnancy and delivery were normal. He had no

neonatal problems, weighed 2.9 kg, and had a length of

50 cm at birth. Before the age of 2 years, he had three

febrile seizures (FS) and two afebrile seizures, presumably

generalized tonic-clonic seizures (GTCS). Initial electroen-

cephalography (EEG) recordings and computerized

tomography (CT) scans were normal. To prevent seizures,

he was treated with valproic acid (VPA), which rendered

him seizure-free. When he was 6 years old, VPA was

withdrawn and he remained seizure-free without antiepi-

leptic treatment until the age of 10 years, when VPA was

reintroduced due to recurrence of GTCS. He attended a

regular school until he was 12 years old, at which time he

was diagnosed with learning disabilities and therefore

moved to a special class. At the age of 13 years, develop-

mental delay was noticed along with tremor of the hands,

and gait disturbances were observed but regarded as side

effects of VPA. At the age of 14, he was diagnosed with

severe myoclonus. When VPA was substituted by Lamotri-

gine, cognitive function appeared to improve, but due to

unacceptable myoclonia, VPA was reintroduced at the

proband’s demand. A combination of high dose VPA and

oxcarbazepine kept him seizure-free with almost no myo-

clonia for nearly 2 years. At the age of 20, the frequency

of GTCS (predominantly during sleep) and myoclonia

increased, and despite administration of several antiepilep-

tic drugs, such as clonazepam, clobazam, levetiracetam,

piracetam, and zonisamide, his seizures could not be con-

trolled. Furthermore, withdrawal of oxcarbazepine severely

increased the frequency of tonic-clonic seizures. For a per-

iod of time, he was is reluctant to go outside due to

extreme photosensitivity, which caused frequent falls.

Laboratory investigations revealed normal hematological

indices as well as normal liver and kidney function. Prior to

Simvastatin treatment, the plasma level of cholesterol was

>10 mmol/L (normal level <5.2 mmol/L) and after treat-

ment, high-density lipoprotein, low-density lipoprotein,

and triglyceride levels were 6.6, 1.4, and 1.5 mmol/L, respec-

tively. Hematoxylin and eosin staining of a muscle biopsy

demonstrated discrete myopathic abnormalities with

increased fiber variability and an increased number of cen-

tral nuclei. The inherited mitochondrial disorders, Mito-

chondrial encephalomyopathy, lactic acidosis, and stroke-

like episodes (MELAS), Myoclonic Epilepsy with Ragged

Red Fibers (MERRF), and Neuropathy, ataxia, and retinitis

pigmentosa (NARP) were excluded, and genetic tests for the

lipid storage disease, Niemann Pick Type C (sequencing of

NPC1 and NPC2), were normal. In addition, whole exome

sequencing was performed without detecting any disease-

causing mutations. A variety of other tests were performed,

and the only abnormality detected was a small reduction in

the respiratory chain complex I/citrate synthase ratio (0.18

compared to the normal range of 0.19–0.54) (Table 1).

EEG recordings at disease onset did not reveal any

abnormalities. When the proband was 19 years of age,

alpha background activity was preserved, with intermit-

tent and irregular beta and theta activity without an

altered pattern during intermittent photic stimulation.

Over the years, the EEG background activity was slightly

reduced to an activity of 7½–8 Hz, with sharp waves fol-

lowed by 2–3 Hz slow waves in the left temporal region.

During photostimulation and during sleep, myoclonic

jerks without EEG correlation were seen, predominantly

in the upper limbs and on the left side of the body.

EEG-EMG polygraphic recordings were not performed.

Sensory evoked potentials (SEP) analysis showed a corti-

cal response with increased amplitude. Moreover, visual

Table 1. Case report: list of test values

Test Value Normal range

Hemoglobin >10 10–11.1

Lactate 1.2 0.7–2.1

Alkaline phosphatase 117–125 35–105

Glut1 deficiency 4.3 –

b-Galactosidase 201 130–340

Arylsulfatase A 8.0 3.5–15

Hexosaminidase A + B 2225 1200–3500

Hexosaminase A 211 140–410

Galactocerebrosidase 1.01 0.5–3.4

a-Fucosidase 59 20–110

Palmitoyl-protein thioesterase 22 15–90

Hexosaminidase A + B (plasma) 596 400–1800

Chitotriosidase I (plasma) 13 0–115

Cerotic acid 98 40–115

Complex I 63 25–164

Complex II 130 39–171

Complex II + III 134 33–216

Complex III 467 117–794

Complex IV 1225 286–1852

Citrate synthase (CS) 351 127–477

Complex I/CS ratio 0.18 0.19–0.54

Complex II/CS ratio 0.37 0.24–0.50

Complex II + III/CS ratio 0.38 0.19–0.72

Complex III/CS ratio 1.33 0.82–2.14

Complex IV/CS ratio 3.5 2.2–5.0

Complex I/II ratio 0.48 0.45–1.33

Complex II + III/II ratio 1.03 0.48–1.71

Complex III/II ratio 3.6 1.6–5.8

Complex IV/II ratio 9.4 7.3–13.6

PCR analysis of whole mitochondria gene on DNA isolated from

muscle biopsy is normal

MELAS (3243AG) Not detected –

MERRF (8834AG) Not detected –

NARP (993TG) Not detected –
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evoked potentials (VEP) showed abnormal cortical poten-

tials and high amplitude spikes in the mid-occipital region.

Magnetic resonance imaging (MRI) of the brain at the age

of 15 years indicated no abnormalities. However, at 27 years

of age, an MRI scan showed a minor lesion, probably a min-

imal heterotropia in the left temporal lobe, and discrete atro-

phy bilaterally of the frontoparietal lobes and cerebellum.

Upon neurological examination at 30 years of age, the

proband appeared moderately intellectually disabled with

dysarthria and ataxia. He was slim (weight 62 kg, height

167 cm), myopic, and had normal hearing. He now lives

in residential care, cohousing with younger mentally dis-

abled persons. Within the last year, his condition has

worsened and he has been compelled to give up his shel-

tered employment at the local supermarket. At present he

is having 4–8 GTCS per month and consistently experi-

ences myoclonus. He is treated with 2300 mg VPA,

900 mg oxcarbazepine, and 4800 mg piracetam per day.

Subjects/Material and Methods

Study oversight

This study was approved by the Ethics Committee at

Western Sealand and written informed consent was

obtained from the patient and his parents.

Genetic studies

DNA samples were typed for 1.8 million probe sets on the

Affymetrix Genome-Wide Human SNP Array 6.0

(Affymetrix, Santa Clara, CA). CNV (copy number

variation) analysis was performed by the algorithm imple-

mented in the Affymetrix Genotyping Console version 4.0.

(Affymetrix, Santa Clara, CA). The presumed pathogenic

CNV was verified in the index patient, and also tested in the

parents with TaqMan qPCR (Life Technologies, Carlsbad,

CA) according to manufacturer’s instructions. Seven specific

primer pairs were designed to amplify the 10 coding exons

of CERS2 and the adjacent intron-exon boundaries. PCR

amplicons were sequenced using Applied BiosystemsTM

according to the supplier’s recommendations. Paternity was

confirmed by genotyping 15 short tandem repeat (STR)

markers located on 10 different chromosomes.

Control cohort

The control cohort comprised 1075 unselected individuals

provided by the PopGen biobank.

Cell culture

A skin biopsy excised from the upper arm was transferred

to a tissue culture flask. The biopsy was cultured in Ros-

well Park Memorial Institute media-1640, 20% Fetal calf

serum (supplemented with 4 mmol/L L-glutamine,

0.017 mg/mL benzylpenicillin) and grown at 37°C, with
5% CO2. Primary fibroblasts were grown in Dulbecco’s

modified Eagle’s medium supplemented with high glucose,

1 mmol/L sodium pyruvate (Invitrogen, Carlsbad, CA),

44.04 mmol/L sodium hydrogen carbonate, 33 lmol/L

biotin, 34 lmol/L pantothenic acid, 20% fetal bovine

serum (Sigma-Aldrich, St. Louis, MO), 100 units penicil-

lin/0.1 mg streptomycin per liter (Sigma-Aldrich), and

GlutaMAX supplement (Invitrogen) at 37°C, with 5%

CO2.

Quantitative real-time PCR

Total RNA was harvested from muscle biopsies and

human primary fibroblasts using ice-cold Trizol (Invitro-

gen) according to manufacturer’s instructions. cDNA and

quantitative real-time PCR were performed as described.20

Expressions were normalized to TATA-binding protein

(TBP) and/or b-actin. Statistical analyses were performed

in GraphPad Prism version 6 (GraphPad Software, La

Jolla, CA).

Western blotting

Total cell extracts were prepared from cultured fibro-

blasts, and proteins were separated by sodium dodecyl

sulfate (SDS) polyacrylamide gel electrophoresis and sub-

sequently transferred to a Polyvinylidene Difluoride mem-

brane by electroblotting. CERS2 was probed using a

rabbit anti-human CERS2 antibody (Abcam, Cambridge,

England). TBP was probed using a rabbit anti-human

TFIIB antibody (Santa Cruz Biotechnology, Inc., Dallas,

TX), which served as loading control. All immunoprobed

proteins were detected by enhanced chemiluminescence.

Ceramide synthase activity

Ceramide synthase activities were determined in cell

extracts as previously described.21

Lipid analysis by mass spectrometry

Analysis of ceramides and SLs in isolated fibroblasts were

carried out by Avanti Polar Lipids, Inc., Alabama, AL.

Results were normalized to cell number.

GM1 staining

Fibroblasts were washed three times in M1 medium

(150 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L CaCl2,

1 mmol/L MgCl2, 5 mmol/L glucose, 20 mmol/L Hepes,
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pH 7.3) and stained with Cholera Toxin B-Alexa488

(10 lg/mL in M1 medium) (Invitrogen) for 20 min at

37°C. Wide-field fluorescence microscopy and digital

image acquisition were performed using a Leica DMIRBE

microscope with a 639, 1.4 NA oil immersion objective

(Leica Lasertechnik GmbH, Wetzlar, Germany). All pic-

tures were taken within 20 min after CTxB staining using a

standard fluorescein filter set (470-nm, [20-nm bandpass]

excitation filter, 510-nm longpass dichromatic filter, and

537-nm [23-nm] bandpass emission filter). All images were

acquired using identical settings. Images were analyzed

using the freeware ImageJ [National Institute of Health

(NIH), Bethesda, MD].

Light sensitivity of CerS2 null mice

Mice were maintained in a specific pathogen-free and

temperature-controlled (22 � 1°C) mouse facility on a

reverse 12 h light/dark cycle (lights on at 20:00) according

to institutional guidelines. Food and water were given ad

libitum. All experimental protocols were approved by the

Institutional Animal Care and Use Committee of The

Weizmann Institute of Science. Light sensitivity was

assessed by measuring freezing behavior in a circular open

field (Ø = 56.5 cm) under two illumination conditions,

dark (10 lux, 5 min) and light (120 lux, 5 min). An over-

head camera (Sony DCR-SR30E HANDYCAM, Tokyo,

Japan) recorded mouse behavior. Freezing was deter-

mined by off-line analyses of the video tracks using an

automated tracking system (Ethovision, Noldus, Wagen-

ingen, the Netherlands).

Results

Genetic analysis

We performed genome-wide SNP 6.0 array analysis on

DNA isolated from the proband and identified a hetero-

zygous 27 kb de novo deletion on chromosome 1q21

containing the entire CERS2 gene (Fig. 2A). To exclude a

recessive condition, we sequenced the remaining allele of

CERS2, but no further mutations were identified. The
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6.0. The deletion is a heterozygous 27 kb deletion of 1q21 containing the entire CERS2 gene and part of the SETDB1 gene (exon 15–22). Regions
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deletion also included the distal part of SETDB1 (exon

15–22), a histone methyltransferase. To examine the

expression levels of both genes, we performed quantitative

PCR on total RNA isolated from muscle biopsies from

the proband and six unrelated controls. As predicted, the

level of CERS2 mRNA was reduced to ~50% in the

proband (Fig. 2B). Moreover, expression of the longest

predicted transcripts of SETDB1 was reduced, while

expression of shorter transcripts was unaffected (Fig. 2B),

consistent with the identified deletion. To obtain further

genetic evidence for CERS2 pathogenicity, we performed

SNP 6.0 array analysis on 1075 healthy controls, and no

deletions or duplications involving CERS2 were detected.

In addition, we performed a mutation analysis of all 10

coding exons and intron-exon boundaries of CERS2 using

bidirectional sequencing in a cohort of 100 probands with

progressive ataxia and/or epilepsy. No CERS2 mutations

were detected in this cohort.

Biochemical analysis of primary fibroblasts
isolated from proband

In order to characterize the biochemical phenotypes asso-

ciated with the heterozygous deletion of CERS2, we char-

acterized primary fibroblasts generated from skin biopsies

from the proband and the healthy parents. Parental fibro-

blasts were used as controls, and after establishing pater-

nal consanguinity, we confirmed that both parents carry

two functional CERS2 alleles (results not shown). Com-

pared to parental cells, expression levels of CERS2 and

the long SETDB1 transcripts were reduced by more than

50% in proband cells (Fig. 3A; data not shown). We

observed similar decreases in protein levels of CERS2 and

high molecular weight isoforms of SETDB1 (Fig. 3B; data

not shown). The mRNA expression levels of CERS1,

CERS4, and CERS6 varied between proband and parents,

with no obvious tendency to be either increased or

decreased in proband fibroblasts compared to parental

fibroblasts (Fig. 3A). Analysis of CERS2 activity using

C22-CoA as a substrate showed a 50% reduction com-

pared to control fibroblasts (Fig. 3C). However, no

changes in ceramide synthase activity were observed in

proband cells using C24- or C24:1-CoAs as substrate. We

next examined ceramide and SL composition by mass

spectrometry (Figs. 4, 5); ceramides containing very long-

chain FAs (i.e., C24–C26) were significantly reduced in

proband cells compared to controls, while long-chain

ceramides (i.e., C16–C18) increased (Fig. 4A and B).

Additionally, the abundance of SMs containing very long-

chain FAs was significantly reduced in proband fibroblasts

compared to parental control cells, while the abundance

of SMs with long-chain FAs was unchanged (Fig. 4C and

D). Despite these changes in ceramide and SM composi-

tion and levels, levels of the very long-chain glycosylated

ceramides lactosylceramide (LacCer) and GlcCer were not

reduced (Fig. 5).

SLs play important roles in the formation of membrane

microdomains, which are lipid domains enriched in
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isolated from cultured fibroblasts from the proband and controls and

expression levels of CERS1-6 were determined by quantitative real-

time PCR. Mean � SD is shown, N = 3. Statistical analyses were

performed using a multiple t-test with significance levels: *(P < 0.05),

**(P < 0.01), and ***(P < 0.001). (B) Total cell extracts were prepared

from cultured fibroblasts and CERS2 levels were determined by

Western blotting. TFIIB served as loading control. (C) Ceramide

synthase activities were determined in whole cell extracts using the

indicated acyl-CoAs as substrates. Mean � SEM is shown, N = 6–9.

Statistical analyses were performed using multiple t-test with

significance levels: *(P < 0.05) and **(P < 0.01).
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cholesterol and SLs. These domains orchestrate assembly

of membrane proteins and ensure proper signal transduc-

tion (reviewed in22). Staining cells with cholera toxin B, a

marker of membrane microdomains which binds to

ganglioside GM1, revealed significantly reduced labeling

in fibroblasts derived from the proband compared to both

parental cell lines (Fig. 6), indicating that membrane lipid

composition, and possibly formation of microdomains,

are altered when CERS2 activity is reduced.

Photosensitivity in CerS2 null mice

Finally, as the proband is photosensitive, we examined

whether CerS2 null mice are sensitized to light, using

freezing behavior, a well-known index of fear,23,24 under

dim and bright illumination conditions. Although CerS2

heterozygosity in mice did not sensitize mice to light,

CerS2 null mice were significantly more sensitive to light

than CerS2+/+ mice (Fig. 7).
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Figure 4. Ceramides and sphingomyelin species containing very long-chain fatty acids are reduced in proband fibroblasts. Lipid extracts prepared

from cultured fibroblasts were analyzed using LC-MS. Ceramides containing long-chain fatty acids are shown in (A), while ceramides with very

long-chain fatty acids are shown in (B). (C) Sphingomyelins containing long-chain fatty acids and (D) sphingomyelins containing very long-chain

fatty acids from proband and parental control fibroblasts. Assuming that all ceramide and sphingomyelin species contain a C18-sphingoid base,

sphingolipids were categorized into long-chain or very long-chain species. Levels of lipid species have been normalized to total cell number and

internal standards. Three independent cultures of fibroblasts from the proband and controls were analyzed. Mean � SD is shown, N = 3.

Statistical analyses were performed using multiple t-test with significance levels: *(P < 0.05), **(P < 0.01), and ***(P < 0.001).
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Discussion

In this study, we identified a de novo 27 kb heterozygous

deletion of 1q21, including CERS2 and the distal part of

SETDB1, in a male proband diagnosed with PME. In the

brain, CERS2 is highly expressed in white matter tracts

including the corpus callosum, striatum, and white matter

of the cerebellum and brainstem, which is consistent with

Figure 5. Lipid profile of glycosylceramide species in proband fibroblasts. Lipid extracts, prepared from cultured fibroblasts were analyzed using

LC-MS. Glycosylceramide species containing long-chain fatty acids are shown in (A), while glycosylceramide species with very long-chain fatty

acids are shown in (B). Lipids levels were normalized to total cell number and internal standards. Three independent cultures of fibroblasts from

the proband and controls were analyzed. Mean � SD is shown, N = 3. Statistical analyses were performed using multiple t-test with significance

levels: *(P < 0.05) and **(P < 0.01).
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Figure 6. Cholera toxin B labeling of fibroblasts from proband and parental controls. (A) Fibroblasts from proband and controls were stained

with Alexa488-labeled cholera toxin B for 20 min., and subsequently examined by fluorescence microscopy. (B) Images and fluorescence

intensities were analyzed using ImageJ. Mean � SEM is shown, N (parent 2) = 38 and N (proband) = 49. Statistical analyses were performed

using unpaired two-tailed t-test with Welch’s correction with significance level: ***(P = 0.0004).
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CERS2 expression in mature myelin-producing oligoden-

drocytes. Schwann cells of the peripheral nervous system

display high CERS2 expression as well.4,10 SETDB1 is also

expressed in the nervous system, and removal of Setdb1

in mice results in peri-implantation lethality.25 Studies of

the forebrain of transgenic Setdb1 mice demonstrated that

it targets ionotropic glutamatergic NMDA receptors.26

Recently, mutations and intragenic deletions of SETDB1

have been associated with Autism Spectrum Disorder

(ASD) although all the detected SETDB1 variants were

inherited from healthy parents.27 As our proband was not

diagnosed with ASD, and heterozygous mutations and

intragenetic deletions of SETDB1 have been identified in

healthy individuals, we do not believe that the partial

SETDB1 deletion causes the currently described

phenotype.

Besides a recent genome-wide association study, which

identified a CERS2 mutation to be associated with

primary rhegmatogenous retinal detachment,28 CERS2

mutations causing human disorders have, until now, not

been reported. This study suggests that CERS2 haploinsuf-

ficiency may cause PME. PMEs are a group of rare and

devastating genetic disorders, which are often refractory

to conventional treatment. Almost all PMEs reported so

far have been associated with recessive inheritance. In the

present report, we have confirmed that both parents have

two functional CERS2 alleles, thus the CERS2 haploinsuf-

ficiency must have arisen due to a spontaneous deletion

of one of the CERS2 alleles. Accordingly, fibroblasts

isolated from the proband display reduced levels of

CERS2 mRNA, protein, and activity, which cause reduced

levels of very long-chain ceramides and SMs.

Little is known about how CERS2 deficiency might

affect cellular functions in humans. In mice, total loss of

CerS2 expression significantly diminishes levels of cera-

mides and more complex SLs such as C22-24 GalCer,

which results in myelin instability and in degeneration of

both white and gray matter in the cerebellum.12,13 This

suggests that CERS2 activity is important in both neurons

and formation of myelin sheath.12,13 CerS2 null mice also

display astrogliosis and microglial activation in both white

and gray matter, which may be related to the motor initi-

ation difficulties and myoclonic jerks observed in these

mice.13,29 EEG revealed abnormal fast rhythmic activity

(>40 Hz) and, similar to that found in the proband, the

null mice display no changes in EEG during myoclonic

events.13 To this end, our present studies suggest that

CerS2 null mice also are significantly more sensitive to

light than wild-type mice (Fig. 6), implying that the light

sensitivity in the proband may be caused by impaired

CERS2 function.

Disruption of CERS2 activity in mice not only causes

neurological phenotypes but also results in impaired

hepatic and lung functions.11,29–31 In the present proband,

CERS2 haploinsufficiency does not appear to impair liver

and kidney function (Table 1). Although CERS2 is ubiq-

uitously expressed, it is abundantly expressed in both liver

and kidney, and found at significantly lower levels in the

brain. We therefore propose that CERS2 haploinsufficien-

cy in humans only has detrimental effects in tissues con-

taining low levels of CERS2, such as the brain, while the

remaining CERS2 activity in the liver and kidney may

synthesize sufficient amounts of very long-chain SLs to

sustain central cellular functions. Alternatively, compensa-

tory mechanisms by other ceramide synthases may exist

in vivo, which are not evident in isolated fibroblasts.

Ablation of CerS2 in mice results in a small and incon-

sistent reduction in total GM113 and in altered biophysi-

cal membrane properties.15 Consistent with this notion,

we also found that CERS2 haploinsufficiency reduced

cholera toxin B staining of the plasma membrane, sug-

gesting that the altered SL composition can ultimately

impair membrane microdomain formation and hence

plasma membrane functions. Interestingly, such mem-

brane microdomains have been shown to modulate neu-

ronal excitability by controlling neurotransmitter receptor

sensitivity and functions,32,33 which could contribute to

the phenotypes displayed by the proband.

Collectively, we have identified a proband with PME

coupled to altered synthesis and composition of very

long-chain ceramides and SM. The proband has only one

functional CERS2 allele, reduced CERS2 mRNA, protein,

and activity levels, resulting in impaired synthesis of cera-

Figure 7. CERS2 KO mice exhibit increased sensitivity to light.

Sensitivity to light was assessed by measuring freezing behavior, an

index of fear, in a circular open field under two illumination

conditions, dark (10 lux, 5 min) and light (120 lux, 5 min). ANOVA

for GENE (KO/HT/WT) indicated no difference in freezing duration in

the DARK (F(2,15) = 3.185; n.s.), but a statistically longer duration of

freezing in CerS2 null mice than in both WT and heterozygote mice

under light. N = 6. (ANOVA for GENE: F(2,15) = 4.42; P < 0.05;

Dunnet post-hoc test: KO>het P < 0.05, KO>WT P < 0.05).
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mides and SM containing very long acyl chains, which

consequently can affect the formation of membrane

microdomains. We foresee that this proband will provide

a unique opportunity for addressing the functions of

CERS2 and SLs in the development of PME, and lay the

foundation for further exploration of the role of SL

metabolism in human neurodegenerative disorders.
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