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Abstract

Autosomal recessive congenital ichthyosis (ARCI) is a rare genetic disorder of the skin characterized by abnormal
desquamation over the whole body. In this study we report four patients from three consanguineous Tunisian families with
skin, eye, heart, and skeletal anomalies, who harbor a homozygous contiguous gene deletion syndrome on chromosome
15926.3. Genome-wide SNP-genotyping revealed a homozygous region in all affected individuals, including the same
microdeletion that partially affects two coding genes (ADAMTS17, CERS3) and abolishes a sequence for a long non-coding
RNA (FLJ42289). Whereas mutations in ADAMTS17 have recently been identified in autosomal recessive Weill-Marchesani-like
syndrome in humans and dogs presenting with ophthalmologic, cardiac, and skeletal abnormalities, no disease associations
have been described for CERS3 (ceramide synthase 3) and FLJ42289 so far. However, analysis of additional patients with non-
syndromic ARCI revealed a splice site mutation in CERS3 indicating that a defect in ceramide synthesis is causative for the
present skin phenotype of our patients. Functional analysis of patient skin and in vitro differentiated keratinocytes
demonstrated that mutations in CERS3 lead to a disturbed sphingolipid profile with reduced levels of epidermis-specific very
long-chain ceramides that interferes with epidermal differentiation. Taken together, these data present a novel pathway
involved in ARCI development and, moreover, provide the first evidence that CERS3 plays an essential role in human
sphingolipid metabolism for the maintenance of epidermal lipid homeostasis.
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Introduction ADAMTS17 (a disintegrin-like and metalloproteinase with throm-
bospondin type-1 motif 17) gene [8,9]. However, the present

Autosomal recessive congenital ichthyosis (ARCI) is character- ichthyosis skin phenotype of our patients has never been reported

ized by abnormal desquamation over the whole body due to a
dysfunctional skin permeability barrier and an altered lipid
composition of the skin. To date, in our collection of about 550
families presenting with ARCI we identified mutations in seven
different genes, which can cause non-syndromic forms of ARCI:
ABCA12, ALOXES, ALOXI12B, CYP4F22, ICHTHYIN, PNPLAI,
and TGM1 [1-6] in about 80% of the patients; the remaining 20%
of patients are expected to carry mutations in other genes, which
remain to be identified [7].

Here we present a new contiguous gene deletion syndrome
affecting the sequences of ADAMTS17, FL742289, and CERSS in
four patients from three consanguineous families from our
collection. The clinical phenotype of the affected individuals
partly corresponds to the characteristic manifestation of Weill-
Marchesani (WM)-like syndrome (MIM 613195) that has been
found to be caused by loss-of-function mutations in the
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mm WM-like syndrome patients, suggesting that mutations in
FL742289 and/or CERS3 (ceramide synthase 3) could be
associated with this unusual form of ARCI. We therefore
performed sequence analyses of the affected individuals and
functional studies on mutant skin samples and keratinocytes, which
were differentiated @ wvitro. In this way, we were able to
characterize a new type of ichthyosis and to provide evidence
for the involvement of CERSS mutations in the development of
ARCI in humans.

Results

Sequence analysis of affected individuals with ARCI
revealed mutations in CERS3

We performed genome-wide SNP-array based homozygosity
mapping in 34 consanguineous families with ARCI including three
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Author Summary

Autosomal recessive congenital ichthyosis (ARCI) is a
heterogeneous group of human keratinization disorders
mainly characterized by generalized abnormal scaling of
the skin. To date, positional cloning and homozygosity
mapping of families with ARCI have identified disease-
associated mutations in seven genes: ABCA12, ALOX12B,
ALOXE3, CYP4F22, ICHTHYIN, PNPLA1, and TGMI. The
reported molecular mechanisms underlying disease devel-
opment are related to defects in epidermal lipid pathways
that interfere with terminal keratinocyte differentiation
and skin barrier function. In this study we used genome-
wide SNP mapping, which identified homozygous muta-
tions in the CERS3 (ceramide synthase 3) gene that cause a
new type of ARCI. Functional analysis of a skin sample and
in vitro differentiated keratinocytes from one patient
demonstrated that mutated CERS3 impairs the synthesis
of ceramides with very long-chain acyl moieties. The defect
in sphingolipid metabolism disturbs the epidermal lipid
profile, which leads to an abnormal terminal differentiation
process. In summary, mutations in CERS3 are causative for
ARCI and illustrate the important role of ceramide
synthesis in human skin physiology.

Tunisian families with a syndromic form of ARCI. The clinical
features in the four patients (D1, D2, C, and S) include collodion
membrane at birth evolving to generalized ARCI, but also short
stature, brachydactyly with joint stiffness, microspherophakia,
ectopia lentis, mitral valve defects, and multiple nevi (Table 1,
Figure 1, and Text S1). These patients all shared a homozygous
region on chromosome 15q26.3 with an identical haplotype in
the smallest common interval of 1.67 Mb (Figure 2A). Within this
region, a homozygous deletion of about 100 Kb was observed
between the SNP markers rs1080492 and rs7179355 that
encompasses the first three exons of ADAMTS17, the complete
sequence of the non-coding RNA FL742289, and exon 13 of
CERS3 including the 3'UTR (Figure 2B). We confirmed the
homozygous deletion in these patients using FISH (Figure 2C)
and array CGH (comparative genomic hybridization) analysis
(data not shown). A breakpoint spanning PCR followed by
sequencing defined the deletion
106,960 bp (Figure S1). Moreover, sequencing of all exons and
exon/intron boundaries of the CERS3 gene showed the absence
of PCR amplification of exon 13 and therefore confirmed the
genomic deletion in the patients (D1, D2, C, and S). ADAMTS17
was not sequenced. One additional Tunisian individual (H) with
isolated ARCI also showed a homozygous region on 15¢26.3, but
did not carry the genomic deletion described above (Figure 2A).
However, sequencing of the CERS3 gene in this patient revealed
a homozygous transversion of guanine to thymine affecting the
exon 9 splice donor site (c.609+1G>T) (Figure 2D). To analyze
the functional effect of this mutation event we performed reverse
transcription of mRNA from patient H isolated from in witro
differentiated keratinocytes followed by PCR amplification of the
corresponding CERS3 region using specific primers. Separation
by agarose gel electrophoresis as well as sequencing of the PCR
fragment demonstrated a reduced length of the PCR product due
to skipping of exon 9 resulting in an in-frame deletion of 93 bp in
the CERS3 coding transcript (Figure S2). MutationTaster
software calculated a result score of 0.999 for a probable disease
causing mutation event [10]. In addition, this sequence variation
was not found in 96 unaffected population-matched control
individuals.

genomic encompassing
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CERS3 mutations cause abnormal skin morphology

To investigate the role of CERS3 mutations in the development of
ichthyosis we performed histological and biochemical studies using a
skin sample of patient H carrying the splice site mutation in the
CERS3 gene. Since we could not exclude that mutations in
ADAMTSI7 and/or FLj42289 interfere with skin physiology, we
did not include samples from the patients with the gene deletion
syndrome in the following experiments. Histological analysis of the
skin biopsy from patient H showed acanthosis with thickening of the
stratum granulosum, psoriasiform epidermal hyperplasia (Figure 3A),
and normal size of the detached stratum corneum (inset Figure 3A).
To examine CERS3 distribution in skin we performed immunoflu-
orescence staining of paraffin as well as frozen sections from human
control biopsies. Using an antibody targeting an epitope near the N-
terminus of CERS3 (amino acid 59-120) we demonstrated that the
protein localizes at the interface between the stratum granulosum
and the stratum corneum in the epidermis (Figure 3B and Figure S3)
in accordance with data of the Human Prolein Atlas (http://www.
proteinatlas.org). In contrast, the patient’s skin biopsy did not show
CERS3 staining suggesting that functional protein is not present in
mutant epidermis (Figure 3B). We verified these results by
immunoblotting of lysates from i vitro differentiated control and
patient keratinocytes using an antibody targeting amino acids 370—
383 at the C-terminus of CERS3. Immunoblots revealed expression
of the protein in control cells at the basal stage (day 0) and increased
levels during progression of differentiation (Figure 3C). Concordant
with the results of immunofluorescence staining, we did not detect
full-length CERS3 or a truncated version of the protein in mutant
keratinocytes under basal conditions as well as at later stages of
keratinocyte differentiation.

Mutated CERS3 disturbs the epidermal sphingolipid profile

Since CERS3 generates epidermis-specific ceramides by M-
acylating dihydrosphingosine with acyl-CoAs ranging from long to
very long aliphatic chains (C18-C28) [11,12] (Figure 4A), we
examined whether mutated CERS3 affects the localization and
concentration of ceramides in human epidermis using a commer-
cially available antibody targeting ceramides [13]. Immunofluores-
cence analysis on frozen sections of a control skin biopsy
demonstrated the presence of ceramides in the stratum granulosum
and stratum corneum, consistent with the localization of CERS3. In
the skin biopsy of the patient carrying the CERS3 splice donor site
mutation, however, we detected a massive reduction of ceramides in
these layers (Figure 4B). To study the disturbed sphingolipid profile
of the patient keratinocytes in detail, we performed TLC analysis of
lipid extracts from differentiated control and mutant cells (Figure 4C
and Figure S4). Compatible with the results of immunofluorescence
staining, lipid extracts of patient keratinocytes compared to control
samples exhibited a marked decrease of very long-chain (VLC)
ceramides with sphingosine (—48.2%) and phytosphingosine
(—47.9%) as sphingoid base as well as significantly decreased levels
of acylceramides (—49.9%), glucosylacylceramides (—95.9%), and
glucosylceramides (—60.2%). In contrast, levels of ceramides with
middle to long-chain acyl moieties (C16-20) were slightly but
significantly increased (1.4-fold for sphingosine and 1.2-fold for
phytosphingosine as sphingoid base) in patient keratinocytes
compared to control samples.

Mutations in CERS3 lead to an abnormal terminal
differentiation

To examine the effect of CERS3 mutations on epidermal
differentiation, we performed immunofluorescence and immuno-
histochemical analysis using established differentiation markers for
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keratinocytes. In healthy control skin, immunohistochemical
staining showed that K14, a marker of undifferentiated keratino-
cytes, was almost exclusively present in the stratum basale
arranged as a one- or two-cell layer (Figure 5A, upper panel). In
a skin sample of patient H, however, K14 staining expanded to
upper cell layers. During differentiation, keratinocytes from the
basal layer gradually migrate upwards forming the upper layers of
the epidermis. Thus, an expansion of the basal layer in mutant skin
could be a result of an increased proliferation and/or delayed
terminal differentiation of keratinocytes. However, immunolabel-
ing of the proliferation marker Ki-67 in control and patient skin
corresponded to the K14 expression pattern, indicating a delayed
epidermal differentiation and an increased number of proliferating
cells in mutant skin (Figure 5A, lower panel). Immunofluorescence
staining for involucrin, loricrin, and filaggrin, markers for
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Table 1. Clinical characteristics of the patients.
Patient D1 D2 S C H
Mutation
Microdeletion 15926.3 + + + + -
Splice Site Mutation CERS3 = = = = +
Age in Years/Sex 37/m 22/m 14/m 11/m 30/f
Skin Symptoms
Collodion baby at birth + + + + +
Face
Erythema and fine scales + + + + +
Trunk
Erythema + + + + +
Scales fine white large brown fine white fine fine
Lower Limbs
Erythema + + + + +
Scales large brown large brown large brown large large brown
Hyperlinearity of palms 4 e W + + (and soles)
Hyperkeratosis (moderate) + + + + +
Premature aging aspect of back of hands + + + + +
Multiple nevi - - face, trunk, limbs + +
Additional Symptoms
Short Stature in m 1.65 1.63 1.50 1.33 1.49
Brachydactyly + + + - —
Joint stiffness + - + - -
Eye Symptoms
Acuity (R//L) - 3:10/4:10 - - -
Microspherophakia bilateral bilateral bilateral bilateral =
Myopia (R/L) - —9/-3,75 —6/—6 —8/—-7,25 -
Cataract + - - - -
Retinal detachment + (left eye) - Amblyopia - -
Glaucoma + - - - -
Heart
Tachycardia + - - - -
Mitral valve dysplasia + - + -
Cardiomyopathy (dilated) + = = = =
doi:10.1371/journal.pgen.1003536.t001

terminally differentiated keratinocytes, revealed a thickening of
the upper stratum spinosum and stratum granulosum in patient
skin compared to control samples. Together, these observations
suggest that mutated CERS3 affects the terminal differentiation
process in human skin (Figure 5B).

Discussion

We report four patients with a genomic microdeletion on
chromosome 15q26.3 that partially affects the sequences of CERS3
and ADAMTS17 and abolishes the sequence of the non-coding
RNA FIj42289. We observed the same haplotype with an identical
genomic deletion in these patients and since they originate from the
same geographical region in Tunisia, we concluded that the present
contiguous gene deletion syndrome is due to a founder effect. The
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Figure 1. Clinical features of patients. (A) Patient D1 with erythema of the face and eye symptoms; (B) Patient S with isolated bilateral
microspherophakia without ectopia or hypertonia; (C) Skin of the upper leg of patient S showing ichthyosiform erythroderma with large, white scales;
(D) Palmoplantar hyperlinearity, hyperkeratosis, and brachydactyly in patient D1; (E) Upper part of the body in patient D2; large brownish scales on

the limbs and trunk.
doi:10.1371/journal.pgen.1003536.g001

loss of exon 13 in CERS3 with the 3"UTR and the first three exons
of ADAMTS17 including the 5'UTR and the start codon predict a
reduced mRNA transcript stability of both genes that renders
protein translation unlikely. Moreover, the genomic deletion could
lead to a fusion protein of CERS3 with ADAMTS]17 resulting in a
stop codon in exon 4 of ADAMTSI7. If so, the premature
termination codon in the predicted fusion gene suggests an
enhanced transcript instability triggered by nonsense-mediated
mRNA decay [14]. Exon 13 of CERS3 corresponds to the C-
terminal amino acids 334-383 that are predicted to form a coiled-
coil structure (amino acids 335-355, http://www.ensembl.org).
This domain is found in many other proteins involved in important
biological functions such as gene regulation (e.g. transcription
factors) or vesicular transport [15,16]. Moreover, because of their
specific interaction, coiled-coil structures are essential for protein-
protein interactions thereby facilitating dimerization (e.g. leucine
zipper) [17,18]. Whether CERS3 interacts with DNA or with other
proteins via its coiled-coil motif is not known so far. However, the C-
terminal 50 amino acids of CERS3 are evolutionary highly
conserved among mammals (homology 62-96%) indicating an
important role of this domain for protein function.

Since the partial deletion of ADAMTSI7 and CERS3 seems to
have a pathologic effect only when both alleles are affected, and
since the parents of our patients have no obvious disease
symptoms, we conclude an autosomal recessive mode of inheri-
tance. Thus, the present contiguous gene deletion syndrome leads
to two independent disecases (ARCI and WM-like syndrome).
Currently, it is unclear whether the deletion of the non-coding
RNA FLj42289 contributes to the phenotype of the syndrome.

Recently, Morales et al. [8] described a related WM-like
syndrome phenotype in eight individuals from Saudi Arabian
families with mutations in ADAMTS17, who displayed many of the
key features of WM-like syndrome, including lenticular myopia,
ectopia lentis, glaucoma, spherophakia, and short stature, but
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none of these patients had the characteristic brachydactyly or
decreased joint flexibility of WM-like syndrome. However, in our
four patients with the homozygous 15g26.3 microdeletion in
which the first three exons of ADAMTSI7 are missing, three of
them show a brachydactyly and two of them have reduced joint
flexibility (Table 1, Figure 1, and Text S1). This observation is
coherent with phenotypic variability found in most genetic
syndromes and underlines the importance of clinical reports in
rare genetic disorders.

The identification of the CERS3 splice donor site mutation,
c.609+1G>T, in an additional patient (H) with isolated ARCI
confirmed that mutations in CERS3 are causative for the skin
anomalies in this form of contiguous gene deletion syndrome. The
splice site mutation leads to the loss of exon 9 in the CERS3 coding
transcript. This sequence region corresponds to a transmembrane
domain (amino acid 174-194) of CERS3 that is thought to be
essential for proper membrane topology of the protein. Thus, the
loss of this structure would most likely affect protein localization as
well as stability. Immunohistochemistry using an antibody that
recognizes an N-terminal epitope of CERS3 demonstrated the
presence of the protein at the interface between the stratum
granulosum and the stratum corneum in control skin but was not
detectable in the patient H. CERS3 belongs to a family of enzymes
encoded by the CERS genes (CERS/-6 in mammals) that were
originally referred to as LASS /-6 (longevity assurance homolog 1
6) based on their homology to the yeast protein, longevity
assurance 1 (LAG1p) [19-21]. All mammalian CERS are integral
membrane proteins of the endoplasmic reticulum that catalyze the
acylation of the free amine nitrogen of the sphingoid long chain
base to form an amide bond (N-acylation, Figure 4A) [22,23]. In
this reaction each CERS prefers acyl-CoAs of specific carbon
chain length to synthesize ceramides [11,12,19-21,24-26]. Of the
six known mammalian CERS, CERS3 shows the broadest
substrate spectrum utilizing acyl-CoAs of 18 to 28 carbon chain
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Figure 2. Deletion and CERS3 mutation scheme. (A) Homozygous regions on chromosome 15g26.3 in patients. The smallest common interval is
defined by rs2684811 in patient C and rs11247226 in patient S. The genomic deletion characterized by breakpoint spanning PCR (in blue)
encompasses 106,960 bp with the borders 100,856,031 to 100,962,985 on chromosome 15 (UCSC hg19, February 2009) in patient D1, D2, C, and S.
The splice site mutation in patient H is marked by an asterisk. The diagram shows the deletion and the limiting SNPs of the homozygous regions in
patient H, D1, D2, C, and S (not to scale). (B) The scale illustration of the deleted region shows the missing SNPs and genes. The internal limit of the
deletion is between SNP rs1080429 and rs7179355. (C) FISH signal pattern in a healthy individual shows the control signal on 15921.2 in red
(digoxigenin-labeled BAC RP11-562A8) and the signal corresponding to 15g26.3 in green (arrow). In patients D1 and D2 the green FISH signal is
missing confirming the microdeletion in 15g26.3. (D) Diagram depicting the structure of the human CERS3 gene and the site of mutation in exon 9
(c.609+1G>T) of patient H indicated by an asterisk. Below is illustrated the predicted structure of human CERS3 protein including transmembrane
domains (TMD), homeobox, polyglutamic acid region (G), and the TLC (TRAM, LAG1 and CLN8 homology) domain.

doi:10.1371/journal.pgen.1003536.9g002

lengths [11,12]. Quantitative RT-PCR revealed that CERS3
mRNA is mainly expressed in testis and epidermis, and its
expression in these tissues strongly increases upon differentiation
[27,28]. Thus, CERS3 contributes to the fatty acid composition
and concentration of ceramides in these tissues. In skin sections of
the patient carrying the splice site donor mutation we did not
detect ceramides in the epidermis by immunohistochemistry using
a commercially available antibody (Figure 4B). Thus, we conclude
that the patients’ ichthyosis skin phenotype results from mutations
in CERS3 that significantly impair the epidermal ceramide
synthesis, in particular the synthesis of (glucosyl)acylceramides.
Using TLC analysis, however, we identified VLC ceramides in
vitro differentiated patient keratinocytes (Figure 4C) suggesting that
the mutated CERS3 may harbor residual enzymatic activity. In
addition, some limited synthesis of VLC ceramides may occur in
patient keratinocytes by the enzymatic activity of other members
of the CERS family that compensate for the CERS3 defect.
Indeed, CERS2 as well as CERS4 show epidermal expression and
substrate specificities toward acyl-CoAs with acyl chain lengths of
22 to 26 carbon atoms [12,29].

In mammalian epidermis, ceramides represent the most
abundant components of the stratum corneum lipid, which forms
a barrier against the penetration of chemicals and pathogenic
microorganisms as well as the unregulated loss of water [30].
There are at least eleven different ceramide species in human skin,
differing in their fatty acid composition as well as their sphingoid
base [29]. To date, the molecular details of sphingolipid
metabolism resulting in this huge structural diversity of epidermal
ceramides as well as their role in terminal differentiation of
keratinocytes have not been extensively studied. However,
profound knowledge of these pathways and their regulation is of
great interest for the understanding of skin physiology and to
provide novel targets and strategies for the treatment of ichthyosis
and possibly other lipid-associated disorders of the skin. In this
context, the metabolism of (glucosyl)acylceramides may play a
central role in epidermal lipid pathways [31].

Acylceramides are epidermis-specific sphingolipids carrying
amide-linked VLC fatty acids with a terminal hydroxyl group
that is further esterified with linoleic acid. In mammalian skin,
these ceramides are an absolute prerequisite for the formation of
an intact stratum corneum and the water permeability barrier
[31]. Accordingly, loss-of-function of enzymes involved in
acylceramide metabolism result in cutaneous barrier abnormalities
such as those found in human diseases and corresponding mouse
models like ELOVL4-deficiency (MIM 614457) [32-34] or
Chanarin-Dorfman syndrome (MIM 275630) [35,36]. The skin
of these patients and mutant mice does not exhibit detectable
levels of acylceramides and displays a delayed terminal differen-
tiation process that is similar to the one observed in CERS3-
deficient skin, arguing for a fundamental role of acylceramides in
keratinization. The importance of ceramides and their metabolism
for cellular proliferation and differentiation is also evident in other
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organs and cell types. Very recently, Jennemann et al. [37]
demonstrated that glucosylceramides are essential for intestinal
epithelial differentiation to maintain the reabsorption function of
enterocytes.

Our data resemble in many ways the skin phenotype of mice
with targeted disruption of the Cers3 gene [12]. In contrast to
affected patients of our families, however, Cers3-null mice die
shortly after birth due to drastically reduced levels of VLC
ceramides leading to a dysfunctional water permeability barrier
and rapid dehydration of the animals [12]. This interesting
phenotypic difference suggests that mice are more sensitive to
barrier defects than humans probably due to a disadvantageous
ratio of body volume to skin surface provoking increased
dehydration. Notably, similar skin barrier defects associated
with early postnatal death are also present in other mouse
models for human skin disorders like Chanarin-Dorfman
syndrome [36] or NISCH syndrome (MIM 607626) [38].
Future detailed studies addressing skin integrity and barrier
recovery of patients with CERS3 mutations will be required to
shed light on the mechanisms involved in disease development
in humans.

In summary, our study reports a contiguous gene deletion
syndrome that identifies CERS3 as another ARCl-associated gene
in humans. We present functional evidence demonstrating that
CERS3 1s crucial for the synthesis of VLC ceramides in human
skin to maintain epidermal lipid homeostasis and terminal
differentiation. Therefore, we suggest that the application of
lotions supplemented with VLC ceramides, especially acylcer-
amides onto the skin of affected patients would be a promising
therapeutic approach to treat skin symptoms in patients with
keratinization disorders.

Materials and Methods

Patients

We obtained blood samples from 34 consanguineous ARCI
families in collaboration with clinicians and the support of
Généthon (Evry, France). DNA was extracted from whole blood
according to standard procedures after written informed consent
from all patients and family members who participated in the
study. The medical ethics committee of AFM/Généthon approved
the study.

Genotyping and sequencing

Genome-wide SNP-genotyping was carried out in a total of 34
consanguineous families (120 individuals) using a human SNP
array (Illumina 370k Quad, San Diego, CA). After quality control,
the genotyping data were filtered for homozygous regions larger
than 1 Mb. Both DNA strands from all subjects and controls were
sequenced for the entire coding region and the exon/intron
boundaries using standard protocols. Primers for CERSS flanking
the coding exons were designed with primer3.
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Figure 3. Histological analysis and CERS3 protein expression in
skin biopsies and cultured keratinocytes from healthy controls
and patient H. (A) Hematoxylin and eosin staining (H&E) shows
acanthosis with a thickening of the granular layer and psoriasiform
epidermal hyperplasia in the patient compared to a healthy control. The
inset (same scale) shows the detached stratum corneum of the patient.
Scale bars, 50 um (B) Immunofluorescence staining using a specific
antibody for CERS3 (red) and DAPI (blue) as nuclear counterstaining.
CERS3 staining is present at the interface between the stratum
granulosum and the stratum corneum in control skin but not
detectable in the patient skin. The thin dashed lines indicate the
interface between the stratum granulosum and the stratum corneum as
well as the upper edge of the stratum corneum. Scale bars, 50 um (C)
Western blot analysis of CERS3 in control and patient keratinocytes
before differentiation (0 d) and at day 4, 7, and 14 after induction of
differentiation. CERS3 was detected at ~37 kDa (indicated by an
asterisk) using an antibody targeting the C-terminus of the protein. An
antibody that recognizes actin was used as a loading control.
doi:10.1371/journal.pgen.1003536.9003

FISH analysis

Chromosome preparation. Standard chromosome prepa-
ration methods were applied to peripheral blood lymphocyte
cultures of two affected individuals (patient D1 and D2) according
to standard methods with minor modifications [39]. Slides
carrying interphase cells and metaphase spreads were dehydrated
in ice-cold ethanol (70%, 90% and 100% each for 3 min) then air
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dried and stored at —80°C.. Before in situ hybridization, cells were
dehydrated again (70%, 90% and 100% each for 3 min) and then
air dried.

FISH probe generation. Long-range PCR was applied to
BAC-clone RP11-243L8. The sequence between the SNP markers
rs1080492 and rs1000290 was extracted from GRCh37/hgl9
assembly (positions chrl5: 100,862,474-100,949,609) and masked
for repeats using RepeatMasker (http://www.repeatmasker.org).
PCR primers were designed in unmasked regions to generate
amplicons depleted in repeats, simple sequences, and stretches of
very high GC content. Long and accurate PCR reactions were
performed on 2 ng of DNA of BAC RP11-243L8, which
encompasses the target region, using LA-Taq DNA Polymerase
(TaKaRa, Otsu, Shiga, Japan). The cycling program was: 1) 5 min
at 96°C; 2) 15 cycles of 2 sec at 94°C, 20 sec at specific annealing
temperature (AT) and a specific elongation time (ET) at 68°C; 3)
15 more cycles with 15 sec extension per cycle in ET and 4)
10 min of final elongation at 72°C. Specific PCR products were
purified by ChromaSpin 400 columns (Clontech, Mountain View,
CA). Amplicons specificities are: A: AT=62°C; ET =15 min.
Afwd=5"-TGG ATT TGA GAT GTC CTA AAT CTA CTC
CAG AC-3'"; Arev=5"-CTG TTC CCA GAC TTT TCT AGT
TAT ACA TCA GC-3'; Ba: AT=60°C; ET =8 min.
Bafwd=5"-CTC TAG GAT CAA GTC CAA ATG CCT
TCG-3'; Barev=5"-TCA AAG TGT ATG TCA CGG GAG
TAC CTG-3'; Bb: AT =60°C; ET=8 min. Bb.fwd=5"-GAG
AAC GCA GAG GGA AGG TAG C-3'; Bb.rev=CCA TGT
TAA CAG GTG CTG GAA GTT GCT G-3'; C AT =62°C;
ET =10 min C.fwd =5"-CCT GAG ATG CAA TTC ATT GGT
TCC TGG-3'; Crev=5"-TCT GTG TAT TTC CGA TAC
TAG CAA CCA AGG-3'. All FISH-assays were performed on
metaphase spreads following the protocol of Schempp et al. [40]
Prior to FISH, the air dried slides were treated with RNase
followed by pepsin digestion as described by Ried et al. [41]
Chromosome w situ suppression (CISS) was applied to biotin-
labeled long-range PCR products from BAC RP11-243L8 and
digoxigenin-labeled RP11-562A8 as a control located on 15q21.2.
For two-color detection, double-hybridization experiments were
performed with biotinylated and digoxigenin-labeled probes.
Biotinylated probes were detected with FITC-conjugated avidin
and digoxigenin-labeled probes with anti-digoxigenin-mouse
antibodies (Sigma-Aldrich, St. Louis, MO) followed by TRITC-
conjugated goat anti-mouse antibodies (Sigma-Aldrich). After
FISH, slides were counterstained with DAPI (4',6-diamidino-2-
phenylindole; 0.14 pg/ml) and mounted in Vectashield (Vector
Laboratories, Burlingame, CA).

Fluorescence microscopy and imaging. Preparations were
evaluated using a Zeiss Axiophot epifluorescence microscope
equipped with single-bandpass filters for excitation of red, green,
and blue (Chroma Technologies, Rockingham, VT). During
exposures, only excitation filters were changed allowing for pixel-
shift-free image recording. Metaphases were photographed by a
cooled CCD camera coupled to the microscope. The DAPI,
TRITC, and FITC images were merged using image software
Adobe Photoshop.

Array CGH

Genomic DNA from 4 individuals of family C (one patient, one
non-affected brother, and parents) was analyzed on Microarray
Sure Print G3 Human CGH+SNP chip 4x180K (Agilent, Santa
Clara, CA). The probes were annotated against NCBI Build 37
(UCSC hgl9, February 2009). The fragmentation, labelling, and
purification of test DNA (reference DNA: HapMap sample of
known genotype) as well as hybridization and washing was
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Figure 4. In situ ceramide localization and sphingolipid profile of cultured keratinocytes. (A) Diagram depicting the de novo synthesis
pathway of (glucosyl)ceramides. Loss-of-function of ceramide synthase 1-6 results in an impaired N-acylation of dihydrosphingosine as indicated by a
cross. (B) Confocal microscopy images of healthy control and patient H skin biopsies immunostained with an antibody targeting ceramides (red) with
DAPI (blue) as nuclear counterstaining. Ceramides localize to the stratum granulosum and the stratum corneum in healthy control skin. Note the loss
of ceramide staining in patient’s skin. We observed immunostaining of ceramides in the uppermost layer of the mutant stratum corneum, which
results from unspecific binding of the secondary antibody. The thin dashed lines indicate the interface between the stratum granulosum and the
stratum corneum as well as the upper edge of the stratum corneum. Scale bars, 50 um (C) Upper panel: TLC of lipid extracts from healthy control and
patient H keratinocytes 14 days after induction of differentiation. Lipids corresponding to 400 pg of cellular protein were extracted from cultures,
separated twice by TLC using the solvent system chloroform/methanol/glacial acetic acid (190/9/1 v/v/v), and quantified after carbonization. An
epidermal lipid extract of a healthy control individual was used as a reference. Lower panel: Data are presented as mean values +S.D. of triplicate
samples and are representative for three independent experiments. Statistical significance was determined by unpaired two-tailed Student’s t-test
(* p<0.05, ** p<<0.01, *** p<<0.001). Ceramide species are classified according to the sphingoid base (S, sphingosine or P, phytosphingosine).
Abbreviations: AcylCer, acylceramides; DAG, diacylglycerols; GlcAcylCer, glucosylacylceramides; GlcCer, glucosylceramides; MAG, monoacylglycerols;
M/LC-Cer, middle and long-chain ceramides; NEFA, non-esterified fatty acids; TAG, triacylglycerols; VLC-Cer, very long-chain ceramides.
doi:10.1371/journal.pgen.1003536.9g004

performed according to Agilent’s protocol. The scanning step was
performed with Agilent high resolution C scanner (3p) and Agilent
Feature Extraction software. Agilent Cytogenomics software
2.0.6.0 was used for imaging.

Deletion-specific PCR spanning the genomic breakpoint

Deletion-specific PCR was performed using Phusion High-
Fidelity DNA Polymerase (Finnzymes Espoo, Finland) according
to the manufacturer’s instructions (annealing temperature 60°C).
The following primer pair D.fwd=5"-AAT GCC TCT GAG
GAG CAA GG-3'" and D.rev=5"-GGA ATG TGA ATT AGT
TTG GCC A-3' was used to obtain a breakpoint spanning 1.2 kb
PCR-product. The PCR-product was sequenced using PCR
primers.

PLOS Genetics | www.plosgenetics.org

Histological and immunohistochemical analysis

For histology, samples were collected in PBS, fixed in 4% PFA,
embedded in paraffin, sectioned to 7 um, and stained with
hematoxylin and eosin. Immunostaining was performed using the
Vectastain ABC Kit and the Avidin/Biotin Blocking Kit (both
from Vector Laboratories) following the manufacturer’s guidelines.
Antigen retrieval was performed at pH 9.0 in a pressure cooker. A
rabbit monoclonal antibody to cytokeratin 14 (1:300 dilution, AC-
0058, Epitomics, Burlingame, CA) and rabbit monoclonal
antibody to Ki-67 (1:300, AC-0009, Epitomics) were used as
primary antibodies and a biotinylated goat anti-rabbit IgG
antibody (1:200, BA-1000, Vector Laboratories) as secondary
antibody. Stained samples were examined using a Zeiss Axioskop
40 microscope with a Zeiss CCD camera.
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Figure 5. Epidermal differentiation in healthy control and
patient H. (A) Light microscopy images of skin biopsies from control
and patient H immunolabeled with antibodies specific for keratin 14
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(K14) and Ki-67 with hematoxylin as nuclear counterstaining reveal an
abnormal differentiation process in patient skin. (B) Confocal micros-
copy images of the same control and patient skin biopsies immuno-
stained with antibodies specific for filaggrin, involucrin, and loricrin with
DAPI (blue) as nuclear counterstaining. The patient skin biopsy shows a
thickening of the stratum granulosum compared to the healthy control.
Arrows indicate hyperplastic basal cells in the patient skin. The thin
dashed lines indicate the interface between the stratum granulosum
and the stratum corneum as well as the upper edge of the stratum
corneum. Scale bars, 50 um.

doi:10.1371/journal.pgen.1003536.9g005

Immunofluorescent analysis and confocal microscopy
Skin biopsies were fixed in 4% PFA, embedded in Tissue-Tek
O.C.T. Compound (Sakura Finetek, Torrance, CA), shock frozen
in liquid nitrogen, and sectioned to 8 um. For double immuno-
fluorescence staining, the skin biopsy was fixed in 4% PFA and
embedded in Paraplast Plus (Leica Microsystems, Wetzlar,
Germany) followed by sectioning to 8 um. Antigen retrieval was
performed at pH 6.0 in a pressure cooker. The following
commercial antibodies were used: rabbit polyclonal antibody to
an N-terminal epitope of CERS3 (1:100, HPA006092, Sigma-
Aldrich), mouse monoclonal antibody to ceramide (1:100,
MAB_0011, Glycobiotech, Kiikels, Germany), rabbit polyclonal
antibody to loricrin (1:500, ab24722, Abcam, Cambridge, UK),
mouse monoclonal antibody to involucrin (1:200, 19018, Sigma-
Aldrich), and mouse monoclonal antibody to filaggrin (1:200,
SPM181, Abcam) as primary antibodies and Alexafluor 488
donkey antibody to mouse IgG (1:200, 715-545-150, Jackson
ImmunoResearch, West Grove, PA), Alexafluor 594 donkey
antibody to rabbit IgG (1:200, 711-585-152, Jackson ImmunoR-
esearch), DyLight 488 donkey antibody to rabbit IgG (1:150, 711-
485-152, Jackson ImmunoResearch), and Alexafluor 546 goat
antibody to mouse IgM (1:200, A21045, Invitrogen, Carlsbad, CA)
as secondary antibodies. Confocal images were captured and
analyzed with an Olympus Fluoview FV1000 laser scanning
confocal microscope or with a Carl Zeiss Axioplan 2 and a
Photometrics CCD camera for non-confocal images.

Keratinocyte cell culture

Primary cultures of keratinocytes were prepared according to
standard protocols from skin biopsies of a control individual and
patient H carrying the splice site mutation. Cells were cultured at
37°C in a humidified atmosphere with 5% CO,y in defined
keratinocyte serum-free medium (EpiLife, Invitrogen) containing
human keratinocyte growth supplement (HKGS, Invitrogen),
100 IU/ml penicillin, and 100 pg/ml streptomycin. Epidermal
differentiation was induced in keratinocyte cultures according to
Breiden et al. [42] with minor changes to promote epidermal lipid
synthesis. In brief, confluent cultures were maintained in medium
supplemented with 1.1 mM CaCly, 30 uM palmitic acid, 25 uM
oleic acid, 15 uM linoleic acid, and 10 uM lignoceric acid for 14
days with medium changes every second day. Fatty acids (Sigma-
Aldrich) were complexed to fatty acid-free BSA (Sigma-Aldrich)
using a ratio of 3:1.

Reverse transcription PCR and cDNA sequencing

Total RNA was extracted from keratinocytes before differen-
tiation and at day 4, 7 and 14 after induction of differentiation
with TRIzol Reagent (Invitrogen) according to manufacturer’s
protocol. 1 pg of RNA was transcribed into ¢cDNA using M-
MuLlV Reverse Transcriptase (Biozym Scientific, Hessisch Old-
endorf, Germany), poly d(T) primers (Sigma-Aldrich) and random
hexamers (Invitrogen) according to manufacturer’s guidelines. A
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PCR was performed using Taq Polymerase (Qiagen, Hilden,
Germany) and primers localized in exon 8 and 10 of CERS3
(forward: GGA ATG GCT ATC CCA AAC AG; reverse: GAC
TCC AGC CAA ATG TCA GC). PCR fragments were separated
by 2% TAE agarose gel electrophoresis according to standard
laboratory protocols. PCR primers were used to sequence DNA
fragments.

Western blot analysis

At day 0, 4, 7 and 14 after induction of keratinocyte
differentiation, cells were collected in RIPA buffer (150 mM
NaCl, 10 mM Tris-HCI, pH 7.4, 0.1% SDS, 1% Triton X-100,
1% sodium deoxycholate and 5 mM EDTA) and lysed by
sonication with a Branson Sonifier Cell disruptor B15 (output
control 1, duty cycle 10%). After centrifugation at 1,000xg for
5 min to pellet nuclei and unbroken cells, the protein content was
measured using BCA reagent (Pierce/Thermo Scientific, Wal-
tham, MA) and BSA as standard. 50 pg of protein were separated
by 10% SDS-PAGE according to standard laboratory protocols,
blotted onto polyvinylidene difluoride membrane (Carl Roth,
Karlsruhe, Germany) and hybridized with a goat polyclonal
antibody raised against the C-terminus of CERS3 (1:500 dilution,
AP16822PU-N, Acris Antibodies, Herford, Germany) or a rabbit
polyclonal antibody raised against actin (1:1,000 dilution, A2066,
Sigma-Aldrich). Specifically bound immunoglobulins were detect-
ed in a second reaction using HRP-conjugated anti-goat or anti-
rabbit IgG antibodies (1:10,000 dilution) and visualized by
enhanced chemiluminescence detection (ECL, Amersham Biosci-
ences, Buckinghamshire, UK).

Lipid analysis

Total lipids were extracted from differentiated keratinocytes
with chloroform/methanol/glacial acetic acid (66:33:1 v/v/v) and
collected from the organic phase after addition of 1/5 volume of
water and centrifugation at 2,400 xg for 15 min. To prepare an
epidermal lipid reference standard for TLC, epidermis from a
healthy control individual was separated from dermis by
incubating full thickness skin (15x15 mm) dermis-side down in
0.25% Trypsin-EDTA (PAA Laboratories, Pasching, Austria) at
4°C over night and total lipids were extracted from epidermis as
described above. For TLC, total lipids were dried in a stream of
nitrogen, reconstituted in chloroform, and spotted onto a thin-
layer silica gel 60 plate (Merck, Whitehouse Station, NJ).
Epidermal ceramide species were separated twice using chloro-
form/methanol/glacial acetic acid (190/9/1 v/v/v) as solvent
system [43]. To separate polar lipids (glucosyl(acyl)ceramides)
chromatograms were developed using the solvent system chloro-
form/methanol/water (70/30/5 v/v/v) [42]. Lipid spots were
visualized by carbonization after spraying the chromatograms with
10% CuSOy4 (w/v) and 10% H3PO, (v/v) and heating them to
150°C for 20 min. Developed chromatograms were photographed
and signals were quantified using Quantity One 1-D Analysis
software (Bio-Rad Laboratories, Hercules, CA). Lipid spots of
acylceramides and glucosyl(acyl)ceramides were identified accord-
ing to Breiden et al. [42] using the epidermal lipid reference
standard. After lipid extraction, cells were solubilized in 0.1% (w/
v) SDS and 0.3 N NaOH at 65°C over night, and the protein
content was determined using BCA reagent (Pierce/Thermo
Scientific) and BSA as standard.

Supporting Information

Figure S1 Detailed breakpoint information and deleted
elements in patients D1, D2, C, and S. The upper panel
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shows the wild-type ADAMTS17 sequence in green, aligned with
the deletion junction sequence in green and red, and the wild-type
CERS3 sequence in red. The coordinates of both sequences on
chromosome 15 are shown according to UCSC hgl19, February
2009. The junction sequence is indicated by bold characters
corresponding to ADAMTS17 (left part in green) and CERS3 (right
part in red). The junctional CCT is highlighted in grey. The lower
panel illustrates the deleted region containing 5'UTR and exon 1—-
3 of ADAMTSI7, the complete sequence of FL742289, and exon
13 of CERS3 with 3'UTR.

(TIF)

Figure $2 RT-PCR analysis and sequencing of CERS3
cDNA. (A) RT-PCR analysis of CERS3 mRNA from control and
patient H keratinocytes before differentiation (0 d) and at day 4,
7, and 14 after induction of differentiation. Primers located in
exon 8 and 10 of CERS3 were used to determine the splicing
pattern. The 213 bp-sized DNA fragment from control
keratinocytes corresponds to the full-length CERS3 coding
transcript. The 120 bp-sized DNA fragment of patient H
keratinocytes represent a novel CERS3 coding transcript lacking
exon 9 due to the splice donor site mutation of exon 9
(c.609+1G>T). (B) The sequencing of CERS3 cDNA from
healthy control and patient keratinocytes, which were differen-
tiated m vitro for 14 days revealed an in-frame deletion of exon 9
in patient H (indicated by an arrow).

(TIF)

Figure S3 Localization of CERS3 protein in human
healthy skin. Confocal microscopy images of double immuno-
stained human skin paraffin section of a healthy individual for (A)
the stratum granulosum marker FLG (filaggrin) (green) with DAPI
as nuclear counterstaining (blue) and for (B) CERS3 (red), which
localizes to a narrowly restricted apical layer of the epidermis. (C)
The merged picture shows the co-localization of CERS3 and
filaggrin at the interface between the stratum granulosum and the
stratum corneum in the epidermis. The thin dashed lines indicate
the interface between the stratum granulosum and the stratum
corneum as well as the upper edge of the stratum corneum. Scale
bars, 25 um.

(TIF)

Figure S4 TLC analysis of lipid extracts from healthy
control and patient H keratinocytes 14 days after
induction of differentiation. (A) Lipids corresponding to
400 pg of cellular protein were extracted from cultures, separated
by TLC using chloroform/methanol/water (70/30/5 v/v/v), and
quantified after carbonization. Polar lipids (GlcCer and GlcAcyl-
Cer) were identified according to Breiden et al. [42] using an
epidermal lipid extract of a healthy control individual as reference.
(B) Data are presented as mean values +S.D. of triplicate samples
and are representative for three independent experiments.
Statistical significance was determined by unpaired two-tailed
Student’s #test (* p<0.05, *** p<<0.001). Abbreviations: CholSOy,
cholesterol sulfate; GlcAcylCer, glucosylacylceramides; GlcCer,
glucosylceramides; MAG, monoacylglycerols; NEFA, non-esteri-
fied fatty acids.

(TIF)

Text S1 Detailed clinical descriptions of Tunisian
patients D1, D2, S, C, and H are included in Text S1.
(DOC)
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