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Background: Autosomal recessive congenital ichthyosis (ARCI) is a heterogeneous group of skin disorders.
Several mutant genes have been identified in ARCI, but the association between genotype and phenotype is
poorly understood.

Methods: To investigate genotype—phenotype correlations in ARCI, we selected 27 patients from 18 families
with specific ultrastructural features of the epidermis. The characteristic findings using electron microscopy
(EM) were abnormal lamellar bodies and elongated membranes in the stratum granulosum, classified as
ARCI EM type Ill. DNA samples from a subset of affected individuals were screened for homozygous genomic
regions, and a candidate gene region was identified on chromosome 5¢33. The region coincides with the
ichthyin gene, previously reported as mutated in ARCI.

Results: Mutation screening of ichthyin revealed missense or splice-site mutations in affected members from
16 of 18 (89%) families with characteristics of ARCI EM type lll. In a control group of 18 patients with ARCI
without EM findings consistent with type lll, we identified one patient homozygous for a missense mutation in
ichthyin.

Discussion: Our findings indicate a strong association between ultrastructural abnormalities in the granular
layer of epidermis and ichthyin mutations. The results also suggest that EM provides a tool for specific
diagnosis in a genetically homogenous subgroup of patients with ARCI.

clinically and genetically heterogenous group of disorders

with abnormal differentiation and desquamation of the
epidermis.' The main symptoms are widespread scaling of the
skin and various degrees of erythema.” Six mutant genes, TGMI
(OMIM 190195), ABCA12 (OMIM 607800), ALOXE3 (OMIM
607206), ALOXI2B (OMIM 603741), CYP4F22 and ichthyin
(OMIM 609383), have to date been identified in non-syndromic
ARCL.' ** Each of the corresponding proteins has been proposed
to be involved in the formation of the permeability barrier of
the skin, an important protection against water loss and
physical injury.”"* Attempts have been made to link the various
mutant genes to specific clinical characteristics in ARCI, but no
strong genotype-phenotype correlations have been found.” '
The clinical symptoms of lamellar ichthyosis (LI; large brown
scales covering the body) and non-bullous congenital ichthyosi-
form erythroderma (NCIE; fine scaling on an erythematous
background) are associated with mutations in all the genes that
have to date been connected to ARCI.> *“* "

Patients with ARCI have structural changes affecting
terminal differentiation and keratinisation within the epider-
mis, which can be seen using electron microscopy (EM).
About half of patients with ARCI investigated by EM lack
unique characteristics of the epidermis but the remaining
patients show defined ultrastructural markers that have been
categorised into four main patterns: type I is characterised by
broad stratum granulosum and numerous lipid vacuoles in
corneocytes; type II shows clefts of former cholesterol crystals
in stratum corneum; type III is characterised by abnormal
lamellar bodies in stratum granulosum and perinuclear,
clongated membranes; and type IV shows lipid membrane
aggregations in upper epidermal cells.'*"” The ultrastructural
abnormalities are, however, not consistent with either the

ﬁ utosomal recessive congenital ichthyosis (ARCI) is a

clinical presentation or the genetic lesions. Considerable clinical
variation is associated with each of the different EM types
although correlations have been reported between NCIE and
EM type I, between LI and EM type II, and between ichthyosis
prematurity syndrome (IPS; OMIM 608649) and EM type
IV.IS 20-22

In the present study, we performed a clinical examination of
patients with ARCI and EM investigation on specimens from
their epidermis. Patients with the distinct ultrastructural
markers defined as ARCI EM type III underwent genetic
analysis using single nucleotide polymorphism (SNP) chip
technology and segregation analysis. A candidate region
spanning the ichthyin gene was identified, and DNA sequencing
of the gene revealed known and novel mutations in 93% of the
patients with ARCI type III. Our findings suggest a strong
correlation between ultrastructural characteristics of the
epidermis and mutant ichthyin in this subgroup of patients
with ARCI.

METHODS

Electron microscopy

The patients included in the study were selected on basis of
ultrastructural criteria of the epidermis from Scandinavian
patients with ichthyosis attending dermatology clinics. The
characteristic EM picture (a hyperkeratotic stratum corneum
with elongated membranes and a stratum granulosum with

Abbreviations: ARCI, autosomal recessive congenital ichthyosis; EM,
electron microscopy; HI, harlequin ichthyosis; IPS, ichthyosis prematurity
syndrome; LI, lamellar ichthyosis; LOX, ﬁ,poxygenose; NCBI, National
Center for Biotechnology Information; NCIE, non-bullous congenital
ichlhyosiform erythroderma; OMIM, Online Mendelian Inheritance in Man;
gPCR, quantitative PCR; SNP, single nucleotide polymorphism
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perinuclear membranes, abnormal lamellar bodies and
vacuoles) was designated as ARCI EM type III.

The EM procedure was performed as follows. Skin biopsy
specimens were fixed for at least 2 h at room temperature in 3%
glutaraldehyde solution in 0.1 mol/l cacodylate buffer pH 7.4.
The specimens were cut into pieces approximately 1 mm’ in
size and washed in the same buffer. Biopsies were then
postfixed for 1 h at 4°C in 1% osmium tetroxide, rinsed in
water, dehydrated through graded ethanol solutions, trans-
ferred into propylene oxide and embedded in epoxy resin
(Glycidether 100; Merck, Darmstadt, Germany). Semithin and
ultrathin sections were cut on an ultramicrotome (Ultracut E;
Reichert, Depew, New York, USA). Semi-thin sections were
stained with methylene blue; ultrathin sections were treated
with uranyl acetate and lead citrate and examined under an
electron microscope (Philips EM 400, Best, The Netherlands).
Patient specimens were classified according to the ultrastruc-
tural findings.

Subjects and samples

Affected patients from 18 families fulfilled the criteria of EM
type III, and they and their affected siblings (n=27) were
included in the study. Two families were consanguineous. The
patients comprised 20 female and 7 male patients aged
1-73 years at the time of examination. There were 24 patients
who had been born at term; 3 patients were born 3-4 weeks
prematurely, with a dry and scaly skin. One patient had been a
collodion baby. After birth, all patients had normal psycho-
motor development except one, who had microcephaly, short
stature and spasticity in the extremities. Since infancy, the
patients had shown moderate to severe generalised ichthyosis
with no, mild or moderate erythema. A few cases of ectropion
were seen, and keratoderma on the soles and hypohidrosis had
developed in most of the patients. In several of the patients,
areas of reticulate ichthyosis with brownish hyperkeratosis and
scaling could be observed on the trunk and in skin folds (fig 1).
The severity of the skin symptoms varied within families, and
some patients reported cyclical changes in the severity of their
symptoms. No nail or hair abnormalities were found.

In total, 18 patients with ARCI (from 16 families) who were
negative for TGM! mutation after screening were used as a
control group. These patients had clinical presentations ranging
between LI and NCIE and the ultrastructural findings were not

Reticulate ichthyosis with brownish hyperkeratosis and scaling
on the trunk of an adult woman, a common clinical feature of patients with
ARCI EM type lll. Informed consent was obtained for publication of this
figure.

Figure 1
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consistent with ARCI EM type III criteria. The patients with
ARCI EM type III and the control group originated from
Norway, Sweden, and in one case, from the Faroe Islands. One
healthy parent had a South American origin.

Genetic mapping and sequencing

Blood samples were collected from probands, healthy siblings
and parents after informed consent. DNA was extracted from
peripheral blood leukocytes according to standard methods. In
search for homozygous regions we used a chip array (SNP
GeneChip Mapping 10 k array; Affymetrix, Santa Clara,
California, USA) and genotyped 10 affected members of six
families (IR17, IR23, IR84, IR99, EB32, IR56), all of whom were
classified as having ARCI EM type II. The patients were
selected by their clustered geographical origin, which suggested
a founder effect. Two of the families were consanguineous
(IR23, IR56). The DNA was processed according to the
manufacturer’s protocol (GeneChip Mapping 10k Xba;
Affymetrix®). The SNP-chip data output was exported to
Microsoft Excel software for analysis and was adapted for
autozygosity mapping using the EXCLUDEAR spreadsheet.”” A
limit for significant homozygosity was calculated in the families
so that a number of consecutive homozygous SNPs should
appear <1 in 1000 times by chance.” This limit was used
because it equals a LOD score of >3, regarded as significant in
conventional linkage analysis.

A candidate homozygous region on chromosome 5g33 was
further analysed by microsatellite markers (D5S820, D5S2112,
D5S378, D5S1403, D5S2049, D5S1955, D5S1394) on samples
from the 10 patients and from healthy family members of
families IR23 and IR56.

For the microsatellite marker analyses, we amplified genomic
DNA by PCR using fluorescently labelled primer pairs (Sigma-
Proligo, St Louis, Missouri, USA) and Taq DNA polymerase
(Platinum Taq DNA Polymerase; Invitrogen, San Diego, USA)
as described elsewhere.”

All six exons, the 5" and 3’ untranslated regions, and the
exon—intron boundaries of the ichthyin gene on chromosome
5q33 were analysed by DNA sequencing in samples from
affected individuals and the parents of one proband who was
not available for sampling. The primer sequences (available
upon request) were designed according to the genomic
sequence AC008676 (NCBI Map viewer) using the Primer3
program (http://frodo.wi.mit.edu) and ordered from Sigma-
Proligo. Sequencing was performed using a commercial kit
(BigDye Terminator v3.1 Cycle Sequencing Kit (Invitrogen,)
and an automated sequencer (ABI Prism 3700 sequencer;
Applied Biosystems, Foster City, CA, USA). The chromatograms
were analysed using Sequencher V.4.1.2 (Gene Codes Corp.,
Ann Arbor, Michigan, USA).

Quantitative real-time PCR on keratinocyte-derived
mRNA

Skin punch biopsies for cell culture were obtained from six
affected patients diagnosed with ARCI EM type III and three
healthy controls. Primary keratinocytes were obtained from the
biopsies and were cultured in cell medium (65.6% Dulbecco
minimal essential medium, 22% F12, 9.5% fetal calf serum,
0.1% hydrocortisone, 0.4% cholera toxin, 0.1% epidermal
growth factor, 0.1% insulin, 1% Penieillin-Streptomyein, 1%
non-essential amino acids, 0.2% adenine) with a feeder layer of
radiated 3T3 cells. After 14 days, the keratinocytes were split
and grown in Epilife with HKGS-v2 and PSA (Cascade
Biologics, Portland, Oregon, USA) for an additional 5-7 days.
The cells were maintained at 37°C in a humidified atmosphere
with 5% CO,. RNA was prepared using TRIzol (Invitrogen)
according to the manufacturer’s protocol. Reverse transcription
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PCR and quantitative real-time PCR (qPCR) (Platinum SYBR
Green qPCR supermix-UGD kit, Invitrogen) were performed as
described previously.** For qPCR of the ichthyin cDNA we used a
primer pair with the forward primer in exon 5 and the reverse
primer in exon 6, generating an amplicon of 126 bp. cDNA
levels of f-actin were used for normalisation. PCR and detection
were performed (ABI Prism 7000 sequence detection system;
Applied Biosystems) and the results analysed (ABI Prism 7000
SDS software; Applied Biosystems). Statistical calculations
were executed with Microsoft Excel using unpaired ¢ test, and
significance set at p<<0.05.

RESULTS

Electron microscopy

In total, 27 patients with ARCI (from 18 families) fulfilled the
EM criteria of ARCI EM type III with the characteristics of
hyperkeratotic stratum corneum with lamellae that contained
low or minimal amounts of lipid droplets (fig 2). The same layer
was characterised by regularly elongated membranes and
vesicular complexes interpreted as irregularly processed content
of lamellar bodies. The granular cells were characterised by
normal keratohyaline, normal lamellar bodies and regularly
clongated perinuclear membranes. In addition, specific vesi-
cular complexes were present, as well as electron-lucent
vacuoles sometimes containing one or a few smaller vesicles
thought to represent abnormal lamellar bodies. The size of the
vesicular structures made them possible to be recognised by
light microscopy in the specimens of some patients. Specimens
from different patients showed a predominance of either
membranes or vesicular complexes (fig 2).
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A group of 18 patients with ARCI (from 16 families) with
various ultrastructural findings, not consistent with EM type
I, were used as a control group for DNA analysis. TGMI
mutations had been excluded in this group.

Genetic mapping

The 10 K SNP array analysis on 10 patients with ARCI EM type
III gave an average call rate of 90.21% (range 85.78-97.21%). A
genomic region of on chromosome 5933 was found to be
homozygous in six probands from four families (IR17, IR23,
1R84, TR99; fig 3). The patients were homozygous for either of
two haplotypes over a region that spanned a minimum physical
distance of 873 kb flanked by the SNPs rs452223 and rs1957561
(positions 156 544 071 and 157 416 584 respectively; National
Center for Biotechnology Information (NCBI) build 35.1). Four
additional patients from two families (EB32 and IR56) were
compound heterozygous for the two haplotypes. The candidate
region spans 12 predicted genes (NCBI database) including the
ichthyin gene, previously reported as associated with ARCL’
Association with the candidate region was confirmed by
segregation analysis using samples from parents and siblings
from families IR23 and IR56.

Mutation analysis

The ichthyin gene (accession number GenelD 348938, NCBI
GenBank) was sequenced on DNA from all the 27 ARCI EM
type III patients. Two missense mutations, p.A176D ¢.527C—A
in exon 4, and p.G230R ¢.688G—A in exon 5, were identified in
25 of the 27 ARCI EM type III patients. The probands of
families IR17, IR23 and IR84 were found to be homozygous for

Figure 2 EM of epidermis of ARCI patient
classified as type lll. (A) Hyperkeratotic
horny layer (SC) and granular layer (SG)
with vacuoles (arrows); magnification
x5500. (B) Vacuolar structures within the
granular layer, consisting of larger vesicles,
partly empty (asterisk), partly containing
some marginal small vesicles (filled arrow).
There are also morphologically normal
lamellar bodies (dotted arrow). SC, stratum
corneum; KH, keratohyalin; magnification
%17 000. (C) Small stack of elongated
membranes (arrow) within horny scales;
magnification x25 000. (D) Higher
magnification of vesicular comp%exes
(arrows), putatively defective lamellar
bodies, within the granular layer. D,
desmosome; magnification x50 000. (E)
Perinuclear elongated membraneous
structure (arrows). N, nucleus; magnification

%20 000.
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Family ID

SNP Physical position| IR17 IR23 R84 IR99 EB32 IR56
rs452223 156 544 071

rs3846684 156 581 710

rs1900158 156 693 377

rs1900157 156 693 420

rs728693 156 724 866

rs1039322 157 118 638

rs1957561 157 416 584

Figure 3 SNP array results from the chromosome 5933 region in é
patients with ichthyosis type Ill from families IR17, IR23, IR84, IR99, EB32
and IR56. The two haplotypes are illustrated as either dark or light grey
bars. Probands of families IR17, IR23, IR84 are homozygous for one
haplotype, whereas proband of family IR99 is homozygous for a different
haplotype. Affected members of EB32 and IR56 are compound
heterozygous for the two haplotypes.

the ¢.527C—A mutation and the proband of IR99 was
homozygous for the c.688G—A mutation. The affected mem-
bers of families EB32 and IR56 were compound heterozygous
for the two mutations c.527C—A and c.688G—A, consistent
with the SNP array results. The p.A176D ¢.527C—A missense
mutation was the most prevalent mutation, found on 37 of 54
(69%) alleles associated with ARCI EM type III. The p.G230R
€.688G—A transition was less prevalent, found on nine (17%)
alleles. In addition, two new splice-site mutations were
identified in the ichthyin gene. One patient was found to be
compound heterozygous for an AG—AA transition in the
acceptor splice site of exon 3 and another patient was
compound heterozygous for a GT—AT transition in the donor
splice site of exon 5.

The exon 5 splice-site mutation was further analysed on
patient-derived ichthyin cDNA. DNA sequencing showed that
the mutant mRNA retained 68 nucleotides of intronic sequence
by the activation of a cryptic splice site, which resulted in a
premature stop codon (fig 4). None of the four alterations was
found on 200 chromosomes from a Scandinavian control
population. In the control group of 18 TGMI-negative patients
with ARCI who had EM results inconsistent with ARCI EM type
III, we identified one who was homozygous for the ichthyin
missense mutation p.A176D c.527C—A.

In total, we identified ichthyin gene mutations on both alleles
in 23 of the 27(85%) patients diagnosed as having ARCI EM
type III (15 of 18 families). Two affected siblings were found
to have a single heterozyous p.G230R, c.688G—A missense
mutation (table 1).
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Expression analysis

The expression of ichthyin in keratinocytes from six patients
with ARCI EM type III with ichthyin gene mutations was
analysed by quantitative PCR. Five patients were homozygous
for the missense mutation ¢.527C—A and one was compound
heterozygous for ¢.527C—A and the donor splice-site mutation
in exon 5. We found no significant differences in ichthyin
expression levels between affected and healthy people. The
ichthyin mRNA levels showed a large variation within both
groups (data not shown).

DISCUSSION

In this study, we identified a strong correlation between
patients with ARCI with specific ultrastructural abnormalities
of the epidermis and mutations in the ichthyin gene. The EM
morphology is characterised by abnormal lamellar bodies and
perinuclear elongated membranes in stratum granulosum, and
is classified as EM type III. Homozygosity mapping using high-
density SNP arrays revealed a candidate region spanning the
ichthyin gene, which was found to be mutated in 25 of 27 (93%)
patients.

Six different mutations have previously been described in the
ichthyin gene.” In our cohort of patients from 18 families, we
identified four ichthyin gene mutations, of which three are
novel. One is a missense mutation (c.688G—A) that results in
an amino acid substitution from glycine to arginine (nonpolar
to charged polar). This missense mutation (p.G230R) affects an
evolutionarily conserved residue according to the ConSeq
database (conseq.bioinfo.tau.ac.il/). Two novel mutations affect
splice sites, of which one is a donor splice-site mutation in
intron 5 and another an acceptor splice-site mutation in intron
2. Quantitative reverse transcriptase PCR was used to study the
levels of mutant ichthyin mRNA in five patients homozygous for
the ¢.527C—A missense mutation and in one patient com-
pound heterozygous for the ¢.527C—A missense mutation and
the donor splice-site mutation in exon 5. No differences in the
levels of ichthyin cDNA were found when comparing healthy
and affected people. This suggests that these mutations do not
alter the stability of the transcript, and further studies are
required to clarify the effect of the mutations at a molecular
level. In two siblings, diagnosed with ARCI EM type III, we
identified only one mutant allele in the ichthyin gene. This is
possibly due to an as yet unidentified mutation on the other
allele. In 2 of the 27 individuals diagnosed with EM type III, we
did not find any mutation in the ichthyin gene, which may be
explained by yet unidentified mutations in ichthyin or by genetic
heterogeneity in ARCI EM type III. Of the 18 control patients
with ARCI who had EM pictures that did not fulfill ARCI EM
type III criteria, 1 carries a mutant ichthyin. This indicates that

Figure 4 (A) DNA sequence of patient
SV78:1 (top) showing a splice-site mutation
in the donor splice-site of ichthyin exon 5 on
one allele qncrq control sequence (bottom).
(B) Reverse transcriptase PCR of ichthyin
from keroﬁnocyfe—cﬁrived mRNA of patient
SV78:1 (lane 3) and a healthy control (lane
2). A normal 633 nucleotide amplicon is
generated by a primer pair in exon 1 and
exon 6. The cDNA derived from SV78:1 is
heterozygous for a transcript that has
retained 68 nucleotides of intron 5.

<—701 nt
<«— 633 nt

SV78:1
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Table 1 Distribution of ichthyin mutations in patients with
ARCI with EM type Il

Ichthyin mutations

Allele 1 Allele 2 Families (n)  Patients (n)
527C—A 527C—A 9 15
688G—A 688G—A 1 1
527C—A 688G—A 3 5
688G—A Unknown 1 2
527C—A AG—AA exon 3 1 1
527C—A GT—AT exon 5 1 1
Unknown Unknown 2 2
Total 18 27

Four different mutations were identified in 16 families.

Both alleles are affected in 23 probands and one dllele is affected in two
siblings.

In two individuals, no mutation was identified.

The ¢.527C—A missense mutation was the most common mutation, found
on 37 of 54 dlleles.

Ichthyin deficiency does not necessarily result in structural
changes detected as EM type III.

Several genes are implicated in ARCI, and the clinical
presentation varies even within families.' > *' Previous studies
report that a large proportion of patients with the clinical
presentation of LI or NCIE carry mutations in the TGMI
gene.” **° ' * The phenotypes of LI and NCIE are, however,
non-specific, and both clinical forms have been found
associated with mutations in all known ARCI genes.*® * Two
ultrastructural phenotypes in ARCI have to some extent been
associated with different genotypes: EM type II is associated
with mutations in the TGMI gene and the EM type IV
morphology is associated with an as yet unidentified ARCI
gene mapped to chromosome 9q34."* **** ** Previous attempts
have also been made to correlate the ultrastructural changes in
epidermis with the ARCI phenotype, and associations have
been reported between NCIE and EM type I, between LI and
EM type 11, and between IPS and EM type IV.'* ***

There is a high level of expression of the ichthyin gene in
keratinocytes, but its role in the skin remains unknown.” Other
mutant genes identified in ARCI have been suggested to be
involved in lipid pathways essential for the permeability barrier
of the skin.” ® Examples are the genes ALOXE3 and ALOXI12B,
which encode the enzymes epidermal lipoxygenase 3 (eLOX3)
and 12R-LOX, both of which are believed to metabolise
arachidonic acid in the skin. People with mutations in these
genes have a defect in the epidermal lipid barrier." It has been
hypothesised that ichthyin plays a role as a receptor in the same
metabolic process.” The ultrastructural characteristics of ARCI
EM type III, with abnormal lamellar bodies aggregated in the
granular cells and elongated membrane structures within the
same cells,'* suggest that Ichthyin is involved in the formation
or the transport of lamellar bodies. The lamellar bodies are
beaded tubular structures continuous with the frans-Golgi
network and contain phospholipids, glycoproteins and acid
phosphates that are released into the intercellular space.” These
substances are essential for the lipid barrier of the skin, and
defective Ichthyin could thus interfere with their normal
transport to the intercellular space. A possible function for
Ichthyin in the lamellar body membrane may be either as a
receptor for 12R-LOX and eLOX3 enzymatic products and/or for
the fusion of lamellar bodies with the plasma membrane.
Abnormal lamellar bodies in stratum granulosum of the
epidermis are found in other disorders such as CEDNIK
(cerebral dysgenesis, neuropathy, ichthyosis and keratoderma;
OMIM 609528), harlequin ichthyosis (HI; OMIM 242500) and
neutral lipid storage disease (OMIM 275630), all of which show
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Electronic database information

® Mutation p.A176D, c.527C—A: NCBI GenBank acces-
sion number EF599763.

® Mutation p.G230R, c.688G—A: NCBI GenBank acces-
sion number EF599764.

® Mutation AG—AA acceptor splice-site exon 3: NCBI
GenBank accession number EF599765.

® Mutation GT—AT donor splice-site exon 5: NCBI
GenBank accession number EF599766.

symptoms of ichthyosis.””*” In HI, the lamellar bodies appear to
be deficient in lipid content. One mutant gene has been
identified in HI, ABCA12, and it has been proposed that this is
involved in lipid transport within the epidermis.* The synthesis
and transport of lipids mediated by ABCAI2 seem to be
essential, and it is possible that a dysfunction of Ichthyin
results in a similar but milder defect in epidermis.

From our findings, we conclude that mutations in the
ichthyin gene are associated with ARCI type III as defined by
EM. The patients in our study have large variation in severity of
clinical symptoms but with similar ultrastructural abnormal-
ities in epidermis. The ultrastructural characteristics of ARCI
EM type III are consistent with a defect in the stratum
granulosum. Further studies of these abnormalities may shed
light on the normal cellular processes mediated by Ichthyin as
well as the general mechanisms of terminal differentiation and
keratinisation in epidermis. We suggest that a combination of
ultrastructural and genetic analysis may provide a tool for an
accurate diagnosis and clinical delineation for some patients in
this heterogeneous group of disorders.
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