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Congenital ichthyosiform erythroderma (CIE) (OMIM 242100) is a major type of autoso-
mal recessive congenital ichthyosis (ARCI) showing generalized scaling and erythroderma
without blister formation.! Mutations in ALOX12B (OMIM 603741), encoding 12R-lipoxy-
genase (LOX), were identified in patients with CIE in 2002.> To date, several ALOX12B
mutations have been reported in CIE families.>* LOXs are a family of nonhaem, iron-con-
taining dioxygenases which catalyse dioxygenation of fatty acids with one or more (Z,Z)-
1,4-pentadiene moieties.” Three members of the human LOX family, 15-LOX-2, 12R-LOX
and LOX-3, are preferentially expressed in the skin.>® The 12R-LOX pathway leads to
hepoxilin B3 and trioxilin B3’ resulting in 20-carboxy-trioxilin A3,* which is thought to
be a key biological regulator in the skin.® 12R-LOX deficiency results in a CIE phenotype

2210 and in mice.'’"'* We report that a Japanese patient with CIE, harbouring

in humans
one previously unreported ALOX12B mutation p.Arg442Gln and another known mutation

p-Arg432X, showed partially disturbed secretion of lamellar granule (LG) contents in the

epidermis.

Case and methods

The patient was the first child of healthy, unrelated Japanese
parents. There was no family history of any related disorders.
The male child was born via uncomplicated, vaginal full-term
delivery. The newborn was covered by a collodion membrane
and showed thick scales on a background of erythroderma
over his entire body, with skin fissures on the trunk (Fig. la—c).
Moderate ectropion and eclabium were seen. Hands and feet
were oedematous, and the palms and soles were involved. The
patient was treated with a topical application of white petrola-
tum with an occlusive dressing technique in a humid incuba-
tor. The hyperkeratosis and oedema were remarkably reduced
within 2 weeks. At age 3-5 months, the patient showed mild
white to grey-coloured scales over the erythematous skin cov-
ering his entire body (Fig. 1d-f).

Mutation analysis of ALOX12B was performed using genomic
DNA isolated from peripheral blood cells of the patient and
his parents.

Results and discussion

Mutation analysis of ALOX12B revealed that the patient was a
compound heterozygote for a known nonsense mutation
p-Arg432X (c.1294C>T) in exon 10 and a previously unre-
ported missense mutation p.Arg442Gln (c.1325C>T) in exon

© 2010 The Authors

10 (GenBank NM_001139.2) (Fig. Ig, h). The nonsense
mutation p.Arg432X was present in a heterozygous fashion
in his mother, although p.Arg442GIn was not found in the
parents and was thought to be a de novo mutation. The muta-
tions were verified by mutant allele-specific amplification
analysis. No mutation was found in the sequence analysis of
200 alleles from 100 normal, unrelated Japanese individuals,
and therefore it is unlikely to be a polymorphism (data not
shown). No other pathogenic mutations were found in
TGM! (OMIM 190195), ABCA12 (OMIM 607800), NIPAL4
(ichthyin; OMIM 609383), CYP4F22 (previously known as
FLJ39501; OMIM 611495) or ALOXE3 (OMIM 607206) by
direct sequencing analysis.

p.Arg432X results in a serious truncation of the 12R-LOX
peptide, losing approximately half of the C-terminal catalytic
LOX domain, and is thought to have a serious effect on the
enzyme activity.

The arginine residue mutated by p.Arg442Gln is in the
central part of the C-terminal catalytic LOX domain and is
highly conserved among diverse species (Fig. 1i) and human
LOX family members (Fig. 1i). These facts suggest that this
arginine residue might be essential for enzyme activity and
that the present missense mutation affects 12R-LOX activity.

Electron microscopy of a skin biopsy specimen from the
trunk at age 6 days using ruthenium tetroxide postfixation
revealed irregular-sized lipid droplets in the stratum corneum.
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Fig 1. The patient’s clinical features and compound heterozygous mutations in ALOX12B. (a—) At 1 day of age: moderate ectropion and eclabium

(), a malformed auricle (b), and thick plate-like scales and fissures on the neck and the chest (b) and on the lower abdomen to the thigh (c).
(d—f) At age 3-5 months: only slight, fine scales on the face (d), the back (&) and the thigh (f). (g) Compound heterozygous ALOX12B mutations,
maternal p.Arg432X (c.1294C>T) and a novel missense mutation p.Arg442GIn (c.1325C>T) in exon 10 of the patient’s genomic DNA. (h)
Mutant allele-specific amplification (MASA) analysis showed a 500-bp band from p.Arg432X and a 470-bp band from p.Arg442Gln. N, normal;
P, patient; F, father; M, mother. (i) Arginine 442 in 12R-lipoxygenase (LOX) altered by p.Arg442Gln; red character (R) is conserved among

human ALOX family members (top) and diverse species (bottom).

Intact LGs were observed and intercellular lipid lamellae were
seen in the intercellular space in the stratum corneum,
although secretion of LG contents was disturbed in part in the
granular layer cells (Fig. 2a—e).

Immunofluorescence staining revealed that one of the major
basal keratins (keratin 5), differentiation-specific keratin (kera-
tin 10) and ABCA12 were distributed normally in the basal
layer, in the suprabasal layers, and in the granular layers, respec-
tively, of the patient’s epidermis (Fig. 2f, h, j). Immunoreactiv-
ity for cornified cell envelope-associated proteins involucrin,
loricrin and transglutaminase 1 was seen normally distributed
in the patient’s upper epidermis (Fig. 21, n, p).

Keratinocyte differentiation (keratinization)-specific mole-
cules examined in the present study were normally
distributed in the patient’s epidermis. Also, keratinocyte dif-
ferentiation defects were not morphologically or biochemi-
cally detected in Alox12b-disrupted mice.'' These facts suggest
that keratinocyte differentiation defects might not be involved
in the pathogenesis of ichthyosis in CIE with ALOXI12B
mutations.

One report on ultrastructural features of the 12R-LOX-
deficient human epidermis demonstrated lipid droplets in the

comnified layers."* From the study of Alox12b mutant mouse

skin transplants, it was suggested that 12R-LOX deficiency
" In Alox12b-disrupted
mouse skin, irregular-sized vesicles were observed in the gran-

might affect the processing of LGs.

ular layers, and the stacks of lipid lamellae representing
extruded content of 1Gs were seen in the transition zone
between the uppermost granular and the first cornified cells."!
In the present study, we clearly demonstrated lipid droplets in
the cornified cell layers, and partially disturbed LG content
secretion into the intercellular space in the patient’s epidermis.
Our results suggest that partially disturbed secretion of LG
contents is involved in the pathogenesis of ichthyosis in
patients with CIE with ALOX12B mutations. It has not been
clarified completely yet how the partially disturbed secretion
of LG contents contributes to the pathogenesis of CIE. Several
ichthyosiform disorders have been shown to involve the
abnormal function of 1LG.""'* Lipid contents secreted from LG
are known to form the intercellular lipid layers in the stratum
corneum.'® The intercellular lipid layers are essential for the
epidermal barrier function and the defective intercellular lipid
layers caused by disturbed secretion of LG lipid contents are
expected to result in skin barrier impairment.'” Defective skin
barrier function leads to compensatory mechanisms involving
epidermal hyperproliferation and hyperkeratosis, which are

© 2010 The Authors

Journal Compilation © 2010 British Association of Dermatologists @ British Journal of Dermatology 2010 163, pp201-204

- 341 -



ALOX12B and lamellar granule secretion, M. Akiyama et al. 203

Patient Control

K5

K10

ABCA12

Patient Control

Involucrin

Loricrin

TGase1

Fig 2. Disturbed secretion of lamellar granule (LG) contents from the granular layer cells and normal distribution of keratinization markers in the
patient’s epidermis. (a—e) Ultrastructural features of the skin biopsy specimen in the neonatal period. (a) Overall keratinization processes appeared
normal. Black arrows, LGs; white arrowheads, intercellular lipid lamellae; white arrows, various-sized cytoplasmic lipid vacuoles. (b) An irregular-
sized lipid vacuole (white arrow) containing the lamellar structure. (c) Intact intercellular lipid lamellae. (d) Normal cornified cell envelope
(white arrow). (e) Partially congested LG secretion (arrowheads) in a granular layer cell. (f~q) Immunofluorescence staining (FITC) revealed that
keratin 5, keratin 10 and ABCA12 were distributed normally in the basal layer, suprabasal layers and granular layers, respectively. For keratin 5
immunostaining, we used an antibody which cross-reacts with keratin 8. However, the labelling of this antibody is thought to reflect keratin 5
expression in this study, because keratin 8 expression is usually restricted to the simple epithelia. Cornified cell envelope-associated proteins,
involucrin, loricrin and transglutaminase 1, were seen normally distributed in the upper epidermis. (f~q) Nuclear stain, red (propidium iodide).

Original magnification: (a) x 6000, (b) X 12 000, (c, d) x 18 000, (e) X 10 000, (f~q) x 20.

observed frequently in ichthyosiform diseases.'® In this con-
text, we can hypothesize that the partially disturbed secretion
of LG contents might cause defective intercellular lipid layers
in the stratum corneum, resulting in skin barrier defects and
subsequent compensatory hyperkeratosis in CIE.

Patients with CIE harbouring ALOX12B mutations have pre-
viously been reported in African and Buropean populations.®*
Our previous studies failed to identify ALOX12B mutations in
Japanese patients with ARCI'® and demonstrated that the fre-
quency of ALOX12B mutations is expected to be low in Japa-
nese patients with ARCIL As far as we know, the present case
is the first patient with CIE with detected ALOX12B mutations
in the Asian area and our results also confirm ALOX12B as
one of the CIE causative genes in the Asian population. Fur-
ther accumulation of CIE cases is needed to clarify the fre-
quency of ALOX12B mutations in patients with CIE in Asian
countries.

© 2010 The Authors
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>mal | recessive hypotnchoms (ARH)
;charactenzed by sparse hair on the scalp ‘without other *
*  abnormalities. Three genes, DSG4, LIPH and LPARG
(PZRYS), have been report , :
o performed a mutation ‘search for the three candidate g genes; .
. in five mdependent Japanese ARH families and 1dent1ﬁed* .
 two LH’H mutations: c.736T>A (p- Cy52465er) in all five
[ kfamﬂles, and c. 742C>A (p-His248Asn) in four of the five
_families. Out of 200 unrelated control ;al‘leles, ‘we detected -
e 736T>A in three alleles and ¢.742C> A in one allele.
Haplotype analysm revealed each of the two mutant alleles
s derlved from a respective founder. These results suggestf .
~ the LIPH mutations are prevalent founder mutations for
ARH in the Japanese population. LIPH encodes PA-
o PLAloz (LIPH), a membrane-associated phosphatldlc acid-
. preferring phosphohpaee Ao Two residues, altered by
' these mutations, are conserved among PA-PLAg of
. diverse spemes Cy5246 forms .intramolecular disulfide
~ bonds on the lid domam, a crucial structure for substrate
L recogmtlon, and His**® is one amino acid of the catalytic i
- triad. Both p. .Cys246Ser- and p.His248Asn-PA-PLAjo
. mutants showed complete abolition of hydrolytic activity
and had no P2Y5 activation ability. These results suggest
* defective activation of P2Y5 due to reduced 2-acyl ©
‘ lysophosphatldxc acid production by the mutant PA—PLAla
_is involved in the pathogenesis of ARH. - :
Hum Mutat 31 602——610 2010 © 2010 Wlley—Llss, Inc. [

- KEY WORDS LIPH; Lysophosphaudlc Acid; Phosphatx-
_dic Acid; Lid Domain; Catalytic Triad; LAH2; LAH

Introduction

Autosomal recessive hypotrichosis (ARH; MIM#s 607892,
607903, 611452) is a rare form of alopecia characterized by sparse

*Correspondence to: Masashi Akiyama, Department of Dermatology, Hokkaido
University Graduate School of Medicine, North 15 West 7, Sapporo 060-8638, Japan.
E-mail: akiyama@med.hokudai.ac.jp

hair on the scalp, sparse to absent eyebrows and eyelashes, and
sparse axillary and body hair. Wali et al. [2007] noted clinical
similarities among three genetically distinct forms of hypotricho-
sis, localized autosomal recessive hypotrichosis (LAH), and
proposed that the forms mapped to chromosome 18ql2.1,
3q27.2, and 13ql4.11-q21.32 are designated as LAHI, LAH2,
and LAH3, respectively. Recently, causative genes for all three
forms were identified. Mutations in the desmoglein-4 gene (DSG4;
MIM# 607892) lead to LAH1 [Kljuic et al.,, 2003; Rafique et al,
2003]. Mutations in LIPH (MIM# 607365), which encodes
membrane-associated phosphatidic acid-preferring phospholipase
A0 (PA-PLA,a[LIPH]), underlie LAH2 [Ali et al, 2007;
Kazantseva et al., 2006]. Most recently, Pasternack et al. [2008]
and Shimomura et al. [2008] reported that mutations in the
lysophosphatidic acid receptor 6 gene LPAR6 (P2RY5; MIM#
609239) caused LAH3.

In this study, we searched for mutations in the DSG4, LIPH,
and LPAR6 genes in five unrelated Japanese families with ARH.
Surprisingly, we found two prevalent missense mutations in the
LIPH gene in all of the families. Furthermore, one mutation
c.736T>A (p.Cys246Ser) was found in all five families, and the
other mutation ¢.742C > A (p.His248Asn) was detected in four of
the five families. We clarified that these two mutations are strong
founder mutations in LIPH in the Japanese population. In
addition, we evaluated the enzyme activity of mutant PA-PLA;u
derived from the two mutant alleles. We also analyzed the abilities
of the mutant PA-PLA;o to activate lysophosphatidic acid
receptor 6 (P2Y5), to clarify the pathogenetic pathway of ARH.

Materials and Methods

Subjects

Five unrelated nonconsanguineous Japanese families A, B, C, D,
and E (Fig. 1) with ARH were seen in our hospital or referred to
us for the past 5 years. Families A, C, and D were from Hokkaido,
the northern most major island of Japan. Families B and E were
from western and central Japan, respectively. The medical ethics
committee of Hokkaido University approved all the described
studies. The study was conducted according to the Declaration of
Helsinki Principles. The patients gave written informed consent.

© 2010 WILEY-LISS, INC.
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Figure 1. Clinical features of five Japanese families with ARH and identification of mutations in the L/PH gene. A, B, E, H, K, N: All the
affected individuals have features of ARH, which is characterized by sparse hair on the scalp and slightly sparse to absent eyebrows and
eyelashes. C, F, 1, L, 0: Pedigrees of the families. Family A (C), Family B (F), Family C (1), Family D (L), and Family E (0) are consistent with
autosomal recessive inheritance. Direct sequencing of the L/PH gene revealed that patients A-1, A-2, B-1, D-1, and E-1 had compound
heterozygous missense mutations involving ¢.736T >A and ¢.742C > A, whereas patient C-1 had a homozygous ¢.736T >A missense mutation. D,
G, J, M, P: Mutant-allele-specific amplification (MASA) analysis. (Upper) With ¢.736T >A mutant allele-specific primers, the amplification bands
from the ¢.736T >A mutant alleles are detected by direct sequencing as 301 bp fragments only in the patients and their family members who had
the ¢.736T>A missense mutation, confirming the presence of the mutation. (Middle) With ¢.736 wild-type allele-specific primers, no PCR
product was detected in patient C-1, who was homozygous for ¢.736T>A. PCR products from the other patients who were compound
heterozygous for the two missense mutations ¢.736T >A and ¢.742C > A, from unaffected family members and from the normal control (N.C.)
were amplified by wild-type aliele-specific amplification. (Lower) With ¢.742C > A mutant-allele-specific primers, the amplification bands from
the ¢.742C > A mutant alleles were detected as 297 bp fragments only in the PCR products from the DNA samples of the patients and their family
members who had the ¢.742C > A missense mutation, confirming the presence of the mutation.
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Mutation Detection

DSG4, LIPH, and LPAR6 mutation search was performed as
previously reported [Moss et al., 2004; Pasternack et al., 2008;
Shimomura et al., 2008, 2009b]. Briefly, genomic DNA (gDNA)
isolated from peripheral blood was subjected to polymerase chain
reaction (PCR) amplification, followed by direct automated
sequencing using an ABI PRISM 3100 genetic analyzer (Advanced
Biotechnologies, Columbia, MD), and verification of the mutations
by mutant-allele-specific amplification (MASA) analysis.

Oligonucleotide primers were designed using the Website program
(www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The
entire coding regions of DSG4, LIPH, and LPARSG, including the
exon/intron boundaries, were sequenced using gDNA samples
from patients and their family members, after fully informed
consent. For normal controls, 100 healthy unrelated Japanese
individuals (200 normal alleles) were studied.

The complementary DNA (cDNA) nucleotides and the amino
acids of the protein were numbered based on the previous sequence
information (GenBank accession number, DSG4; AY177664.1, LIPH;
AY093498.1, LPAR6; AF000546.1) [Jin et al, 2002; Whittock and
Bower, 2003]. Nucleotide numbering reflects cDNA numbering with
+1 corresponding to the A of the ATG translation initiation codon
in the reference sequence, according to journal guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1.

Mutant Allele-Specific Amplification Analysis

For verification of the mutation, using PCR products as a
template, mutant allele specific amplification analysis was
performed with mutant allele-specific primers carrying the
substitution of a base at the 3'-end [Hasegawa et al,, 1995; Xu
et al., 2003], as follows: ¢.736T >A mutant allele-specific forward
primer, 5'-CCAAGGATTTCAGTATTTTAAAA-3'; ¢.736 normal
allele-specific forward primer, 5-CCAAGGATTTCAGTATTT-
TAAAT-3; ¢.742C>A mutant allele-specific forward primer,
5 -GGATTTCAGTATTTTAAATGTGACA-3'; reverse primer, 5-
GTGCCCAGCAGAAAAACAAG-3'.

PCR conditions were as follows: 94°C for 5 min, followed by 35
cycles at 94°C for 1 min, 60°C (for ¢.736T>A mutant amplifica-
tion) or 64°C (for ¢.742C > A mutant amplification) for 1 min,
and extension at 72°C for 7 min. Only 301- and 297-bp fragments
derived from the mutant alleles were amplified with these primers
and the PCR condition, respectively.

Haplotype Analysis

To determine whether the mutations ¢.736T >A and ¢.742C>A
are founder mutations, we performed haplotype analysis. We
constructed linkage disequilibrium (LD) blocks containing the
LIPH gene using genotype data from the HapMap database
(International HapMap Consortium, 2005). The haplotype
structure with its tag-single nuclotide polymorphisms (SNPs)
was determined using Haploview [Barrett et al, 2005]. We
genotyped 10 tag-SNPs using the ABI PRISM 3100 genetic
analyzer (Advanced Biotechnologies). Oligonucleotide primers
were designed using the website program (www.bioinformatics.nl/
cgi-bin/primer3plus/primer3plus.cgi).

Construction of Mutated LIPH Gene Expression Vectors

Normal human full-length LIPH cDNA was amplified by
reverse transcription-PCR using human colon-derived total RNA
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[Sonoda et al., 2002]. The DNA fragment covering the coding
region of PA-PLA, 0 (EcoRI-EcoRI fragment) was subcloned into
the EcoRI site of pCAGGS mammalian expression vector (kindly
donated by Dr. Junichi Miyazaki, Osaka University) [Hiramatsu
et al., 2003]. Short LIPH fragments (64 bp) (¢.695-758) including
either the ¢.736T >A or the ¢.742C> A mutation were synthesized
by IDT Inc. (Coralville, 1A). pCAGGS vector including the rest of
the LIPH gene was amplified with specific primers as follows:
forward (5-CCTGTACCTGTCTTCCCTGAG-3') and reverse
(5’-CAGGTTGATCCAATCCTCCA-3'). PCR was carried out using
KOD-Plus-Ver.2 (Toyobo, Osaka, Japan) according to the
instructions, Finally, the synthesized mutated DNA fragments
were ligated with the amplified pCAGGS vector including the
LIPH gene without 64 bp oligonucleotide (c.695-758) using a
Ligation-Convenience Kit (Nippon Gene Co., Tokyo, Japan).

Expression of Mutated PA-PLA;o in HEK293 Cells

To investigate the molecular defects underlying the mutations
that were identified in this study, we synthesized p.Cys246Ser or
p.His248Asn mutations in PA-PLA;o expression constructs and
compared mutant protein expression with wild-type (WT) and
p-Ser154Ala PA-PLA,a protein. Previously, Sonoda et al. [2002]
reported that Ser'®* was the active catalytic residue and that the
p-Ser154Ala mutant PA-PLA ;o had complete loss of enzyme
activity, although the amount of p.Serl54Ala mutant protein
expressed was almost the same as that of WT protein. Thus, we
used the p.Ser154Ala mutant as a loss-of-function mutant control
in this study.

HEK293 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with antibiotics and 10% fetal bovine
serum under an atmosphere of 5% CO, at 37°C. The resulting
cDNAs were used to transfect HEK293 cells using Lipofect AMINE
2000 reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. HEK293 cells were transfected with
WT, p.Ser154Ala (control loss-of-function mutant) [Sonoda et al.,
2002], p.Cys246Ser or p.His248Asn PA-PLA,a.

Preparation of Cell Supernatants and Lysates and Western
Blotting ‘

HEK?293 cells transfected with pCAGGS vector were maintained
for an additional 24 hr after the medium was changed to serum-free
medium ExCell302 (JRH Biosciences, Lenexa, KS). After 24 hr of
incubation, the media were collected and precipitated with
trichloroacetic acid. Precipitated protein was collected by centrifu-
gation at 15,000 x g for 20 min, followed by washing with acetone
twice; then, the pellet was redissolved in sodium dodecyl sulfate
(SDS) sample buffer A (62.5mM Tris-HCl [pH 6.8], 10% Glycerol,
2% SDS, 5% 2-mercaptoethanol (2ME), 10 pg/mL phenylmethyl-
sulphonyl fluoride [PMSF]) and boiled for 5min. HEK293 cells
were harvested 48 hr after transfection and SDS sample buffer B
(62.5mM Tris-HCI [pH 6.8], 4 M Urea, 10% Glycerol, 2% SDS, 5%
2ME, 10 pug/mL PMSF) was added directly to the cell pellet. The
pellet was then sonicated and boiled for 5 min.

These protein samples of cell supernatants and lysates were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membrane. The nitrocellulose
membrane was blocked with Tris-buffered saline containing
5% (w/v) skimmed milk and 0.05% (v/v) Tween 20, incubated
with anti-PA-PLA,o monoclonal antibody [Sonoda et al., 2002],
and then treated with antirat IgG antibody conjugated with
horseradish peroxidase. Proteins bound to the antibodies were
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visualized with an enhanced chemiluminescence kit (ECL,
Amersham Biosciences, Piscataway, NJ) by LAS4000 Luminescent
Image Analyzer (Fujifilm, Tokyo, Japan) [Sonoda et al., 2002].

PA-PLA o Enzyme Activity Assay

PA-PLA;a produces 2-acyl lysophosphatidic acid (LPA) and
free fatty acid (FFA) concurrently from phosphatidic acid (PA)
[Sonoda et al., 2002]. In the present study, the hydrolysis activity
was determined measuring oleic acids, which are concurrently
produced from dioleoyl PA by PA-PLAa. We added the super-
natant from HEK293 cells transfected with WT, p.Ser154Ala,
p-Cys246Ser, or p.His248Asn PA-PLA,a to the medium including
100 uM PA. After 12 hr incubation at 37°C, the amount of oleic
acids was measured with NEFA C-Test Wako test kit (Wako
Chemicals Co., Osaka, Japan).

P2Y5 Activation Ability Assay

We cotransfected alkaline-phosphatase-tagged transforming
growth factor-o (AP-TGFa) (kindly provided by Dr. Higashiyama,
Ehime University, Japan) [Tokumaru et al., 2000], recombinant
P2Y5 and WT, p.Serl54Ala, p.Cys246Ser, or p.His248Asn PA-
PLA; o to HEK293 cells, and we quantified free AP-TGFa induced
by a disintegrin and metalloprotease (ADAM) in the HEK293 cells
to examine the P2Y5 activation ability of LPA produced by mutant
PA-PLA;a. Cells were cultured in 100 pL of serum-free medium
Opti-MEM (Gibco BRL, Grand Island, NY) in individual wells of
a 96-well plate. After 24 hr of incubation, 80 uL of the conditioned
medium in each well was transferred and AP activities in both the
conditioned media and the transfected cells were measured using
p-nitrophenyl phosphate (p-NPP). In the case of phorbol ester,
12-O-tetradecanoylphorbol-13-acetate  (TPA)-stimulation, the
transfected cells were treated with 100nM 1h before medium
transfer. The AP reaction was performed in p-NPP buffer (5 mM
p-NPP, 20mM Tris-HCl (pH 9.5), 20mM NaCl, and 5mM
MgCl,) at 37°C for 1 hr and the increases in the reaction product,
p-nitrophenol, were quantified by monitoring absorbance at
405nm with VersaMax microplate reader (Molecular Devices,
Sunnyvale, CA). The amount of AP-TGFa released was expressed
as a ratio of AP activity in the conditioned media to total AP
activity in each well.

Results

Clinical Findings

All six affected individuals in the five unrelated Japanese
families showed features typical of ARH (Fig. 1A, B, E, H, K, and
N). The patients were less than 10 years of age at the time of
the study. Affected individuals had tightly curled hair, which
grew slowly and stopped growing after a few inches. Their
eyebrows and eyelashes were a little sparse to absent. Nails, teeth,
sweating, and hearing were normal in all the affected individuals.
Heterozygous carriers had normal hair. The pedigrees of all the
families were consistent with autosomal recessive inheritance

(Fig. IC,E L, L, and O).

Mutation Detection

Direct sequencing analysis of exons and intron—exon boundaries
of LIPH revealed that affected members of Families A, B, D, and E
were compound heterozygous for the two missense mutations

¢.736T>A (p.Cys246Ser) and c.742C> A (p.His248Asn) (Fig. 1C,
E L L, O). The affected individual in Family C was homozygous for
¢.736T>A. All the parents whose DNA was available for mutation
search were heterozygous carriers of one of the two mutations
(Fig. 1C, E 1, L, and O). We confirmed these LIPH mutations by
MASA analysis (Fig. 1D, G, J, M, and P). Both amino acid residues
altered by the two missense mutations were highly conserved
among diverse species (Fig. 2A). One of the mutations was found
in 4/200 normal unrelated alleles (100 healthy Japanese indivi-
duals) by direct sequence analysis (minor allele frequency,
c.736T>A, 0.015 (3/200); c. 742C> A, 0.005 (1/200); combined
genotype 0.02 (4/200)), although there was no control individual
who had compound heterozygous or homozygous mutations (data
not shown). No other pathogenic mutation was found in the entire
exon or intron/exon borders of the DSG4, LIPH or LPARG6 gene.

Haplotype Aanalysis

The haplotype block structure containing the LIPH gene was
constructed using genotype data from the HapMap database
(Fig. 3B). The haplotype block was represented by five haplotypes
with > 1% frequency (Fig. 3C). The haplotype of the chromo-
some containing the LIPH ¢.736T >A mutation was found to have
resulted from parent-to-child transmission in all five families
(Table 1). The chromosome containing the LIPH ¢.736T>A
mutation had haplotype I (ATCAACCGGA), which is seen in
37.8% of the Han Chinese and ethnic Japanese populations.
Likewise, we determined the haplotype of the chromosome
containing the LIPH ¢.742C> A mutation in four families (A, B,
D, E). The chromosome containing the LIPH ¢.742C > A mutation
had haplotype III (GCTCGTGAGG), which is seen in 28.9%.
Thus, these missense mutations ¢.736T>A (p.Cys246Ser) and
c.742C> A (p.His248Asn) in Japanese patients appear to represent
founder effects in this island nation.

Expression of PA-PLA;« in Mammalian Cells

Immunoblot analysis revealed that transfection of p.Cys246Ser
and p.His248Asn mutant constructs into HEK293 cells resulted in
the secretion of 55-kDa mutant PA-PLA o at a level similar to that
of the WT and of the p.Ser154Ala mutant (Fig. 4A). In addition,
the same amounts of mutant PA-PLAo proteins were also
recovered from the cell lysate. These results indicated that there
was no significant difference in protein yield between WT and
mutant PA-PLA, 0.

Analysis of PA-PLA;a Hydrolytic Activity

The hydrolysis activity was determined measuring FFA which
are concurrently produced from PA by PA-PLA,a. The quantities
of FFA produced by the p.Cys246Ser and p.His248Asn mutant
LIPH constructs were similar to those by the mock and
p.Ser154Ala mutant constructs, suggesting that the p.Cys246Ser
and p.His248Asn mutant PA-PLA,o had no hydrolytic activity
(Fig. 4B).

P2Y5 Activation Ability of PA-PLA o Mutants

In this study, we cotransfected AP-TGFo, recombinant P2Y5
and WT, p.Ser154Ala, p.Cys246Ser, or p.His248Asn PA-PLA o
constructs to HEK293 cells. To examine the P2Y5 activation
potency of mutant PA-PLA;0, AP-TGFu release into conditioned
media via ADAM, which was triggered by activation of P2Y5, was
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Figure 2. Conservation of the mutated residues and the three-dimensional protein structure around the mutation sites. A: Multiple amino acid
sequence alignments of PA-PLA o of diverse species. Amino acid residues Cys®*® and His®*® altered by the present two mutations are highly
conserved among PA-PLA,q of diverse species. Amino acid residues that are conserved between the seven species are shown in yellow. The
12 residues that comprise the lid domain are surrounded by a black rectangle. One of the amino acids of the catalytic triad, His?*®, is marked
with a black dot. Cys?® and His?*® are in red and indicated by arrows. B: The three-dimensional-structure mode! of PA-PLAo protein. C\Es246 and
His?*® residues are in red. Lid domain and p9loop are in green. Catalytic triad consists of Ser™* (purple), Asp'”® (purple) and His**®. Cys®*® forms
intramolecular disulfide bonds on the lid domain.
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Figure 3. The linkage disequilibrium (LD) block and the haplotype structure around LIPH in Han Chinese and ethnic Japanese populations.
LIPH structure (A) and the LD block within LIPH (B) were evaluated using genotype data from the HapMap database. C: The haplotype structure
with 10 tag-SNPs was determined using Haploview.
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Table 1.

Identified Haplotype with the L/PH ¢.736T >A and ¢.742C > A Mutation

Family Mutation  rs6788865 r1s7615714 1s12233604 rs12233487 rs12233490 rs12233622 rs12233623 rs1837882 rs9790230 rs497680 Haplotype
A c.736T>A AlG TIC c/T A/C AIG C/T CIG G/IA GIG AIG ot
c.742C>A AIG T/C Crr A/C AIG cT CIG G/A GIG AlG i
B c.736T>A A T C A A C C G G A 1
c.742C>A G C T C G T G A G G 1
C c.736T>A A T C A A C C G G A I
(homozygote)
D c.736T>A A T C A A C C G G A I
c.742C>A G C T C G T G A G G m
E c736T>A AlG T/IC C/T AlC AlIG C/IT C/IG G/A GIG AlIG 71
c.742C>A AlIG T/C c/T A/IC A/G c/T C/G G/A GIG AIG I

Nucleotide numbering starts at +1 corresponding to the A of the ATG initiation codon in the reference sequence AY093498.1 (www.hgvs.org/mutnomen). SNP, single-

nucleotide polymorphism.
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Figure 4. Expression of PA-PLA,a in HEK293 cells and its
hydrolytic activity. A: Expression of mutant PA-PLA;o in HEK293 cells.
HEK293 cells were transfected with wild-type (WT), p.Ser154Ala
(S154A), p.Cys246Ser (C246S), and p.His248Asn (H248N) LIPH cDNA,
and the expression level of PA-PLA;o protein derived from the
constructs in cell culture supernatant (upper panel) and cells (middle
panel) were evaluated by Western blot. There were no significant
differences in PA-PLA;o protein expression levels among cells
trasfected with WT, S154A, C246S, and H248N. o-tubulin expression
was used as a standard to assess the total amount of proteins from
cell lysate loaded on the gel (lower panel). B: Because PA-PLAx
hydrolyzes the free fatty acid (FFA) from PA, we monitored the levels
FFA to determine whether there is a difference in the PA-PLAa
hydrolytic activity among WT and the three mutants of PA-PLA;a.
After 12-hr incubation of the supernatant from HEK293 cells
expressing WT, S154A, C246S, or H248N PA-PLA;c, with a medium
including 100 uM PA, the levels of FFA hydrolyzed by C246S and H248N
mutant PA-PLAo were significantly lower than that by WT PA-PLAa
and similar to those produced by supernatant from HEK293 cells
transfected with control S154A mutant and an empty vector (mock).

quantified using p-NPP as a substrate for AP. The free AP-TGFa
from the P2Y5 mock transfected (P2Y5-) cells transfected with the
WT form of PA-PLA ;o was more abundant than that from the
P2Y5— cells transfected with empty vector, which indicated that
the HEK293 cells had the ability to shed TGFo mediated by
intrinsic LPA receptor at some level (Fig. 5A). AP-TGFua release
from P2Y5 positive (P2Y5+) cells expressing the WT PA-PLA o
was remarkably increased compared with mock or mutant PA-
PLA,o. There were no significant differences between the data
obtained with cells expressing the mutants and the empty vector
(Fig. 5A). All the cells expressing AP-TGFo responded equally to
TPA, confirming that expression of P2Y5 and PA-PLA,a did not
affect PKC-dependent AP-TGFa release (Fig. 5B). These data
clearly indicated that these mutations resulted in the loss of P2Y5
activation activity of PA-PLA, .

Discussion

The human LIPH gene encodes PA-PLA;a, which is a member
of the membrane-associated phosphatidic acid-preferring phos-
pholipase Ao [Hiramatsu et al.,, 2003; Jin et al., 2002; Sonoda
et al., 2002]. Similar to other phospholipase A,, PA-PLA,a has N-
terminal domains that are essential for catalytic activity. Three
amino acid residues, Ser'>!, Asp'’®, and His**®, which form the
putative catalytic triad, are located in the N-terminal domains
[Aoki et al., 2007; Jin et al., 2002; Kubiak et al., 2001; Sonoda et al.,
2002] (Fig. 2B). PA-PLA;a has a B9 loop (the 13 amino acids from
p-206 to 218) and a short lid domain (the 12 amino acids from
p.234 t0245), each of which is considered a crucial structure for
substrate recognition [Aoki et al., 2007; Carriere et al., 1998;
Sonoda et al,, 2002]. In addition, well-conserved cysteine residues
including Cys**, which form intramolecular disulfide bonds, are
in the N-terminal domains.

We performed DSG4, LIPH, and LPARG6 gene mutation analysis
and identified two prevalent missense mutations in the LIPH
gene in the five independent Japanese ARH families. One
mutation ¢.736T>A leads to an amino acid change within
conserved cysteine residue that forms intramolecular disulfide
bonds on the lid domain (p.Cys246Ser) (Fig. 2). The other
mutation ¢.742C > A results in alteration of one amino acid of the
catalytic triad (p.His248Asn) (Fig. 2B). These two residues, Cys246
and His**®, are highly conserved among LIPH of diverse species
(Fig. 2A), suggesting that they play a critical role in enzyme
activity. We speculate that these mutations drastically affect PA-
PLA o activity.
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Figure 5. P2Y5 activation ability of PA-PLA,o. mutants. To monitor
P2Y5 activation level by mutant and wild-type (WT) PA-PLAo, we
used p-nitrophenyl phosphate as a substrate for cleavage of AP-TGFa
and measured the amount of AP-TGF« released from the HEK293
cells. A: The amount of free AP-TGFa produced by P2Y5 mock-
transfected (P2Y5—) cells that were also transfected with WT PA-
PLA;o is significantly greater than that produced by P2Y5— cells
transfected with an empty vector (mock). This indicates that HEK293
cells act to shed AP-TGFo, an activity that might be mediated by
intrinsic LPA receptors. The amounts of AP-TGFa released from P2Y5-
transfected (P2Y5+) cells expressing p.Ser154Ala (S154A), p.Cys246-
Ser (C246S), or p.His248Asn (H248N) mutant PA-PLA;o and P2Y5-+
cells transfected with an empty vector (mock) are significantly fower
than that from P2Y5+ cells expressing WT PA-PLAa. B: TPA sheds
AP-TGF« independently from the P2Y5 pathway. Effects of the TPA-
induced shedding of AP-TGFa are similar in all the cells.

So far, 14 LIPH gene mutations have been reported, four of
which are prevalent [Ali et al., 2007; Horev et al,, 2009; Jelani et al.,
2008; Kamran-ul-Hassan Naqvi et al., 2009; Kazantseva et al.,
2006; Nahum et al., 2009; Naz et al., 2009; Pasternack et al.,
2009; Petukhova et al., 2009; Shimomura et al., 2009a,b,c]. One
prevalent mutation, 985-bp deletion including exon 4 and the
flanking introns, was detected in a large number of ARH patients
from two ethnic groups, the Chuvash and Mari, in the Volga—Ural
region of Russia [Kazantseva et al., 2006]. The ancestors of the
Chuvash population settled in territory occupied by ancestral
Mari populations. To determine the frequency of the mutant
allele, they tested 2,292 chromosomes in the populations and
found the LIPH deletion in populations of Chuvash (mutant allele
frequency P=0.033) and Mari (mutant allele frequency
P=0.030) origin. The mutant allele was restricted to these

608

HUMAN MUTATION, Vol. 31, No. 5, 602-610, 2010

PAFLA

inner soot sheath i

of hair follics

Hair growth

Figure 6. Schematic signaling pathways of LPA produced by PA-
PLAx via the P2Y5 receptor. PA-PLAa hydrolyzes PA and produces
LPA and FFA. LPA works as a ligand for P2Y5, a membrane-bound
G-protein-coupled receptor. It has been documented that ADAM
activation by P2Y5 results in ectodomain shedding of cell surface
proteins inciuding those of the EGF ligand family, such as HB-EGF and
TGFe. These signal pathways are speculated to regulate proliferation
and differentiation of inner root sheath cells of hair follicles.
Abbreviations: PA, phosphatidic acid; FFA, free fatty acid; LPA,
2-acyl lysophosphatidic acid; ADAM, a disintegrin and metallopro-
tease; EGF, epidermal growth factor; HB-EGF, heparin binding EGF-like
growth factor; TGFo, transforming growth factor-c.

two populations and was not found in other Finno-Ugric
populations or Russian populations from distant geographic
regions [Kazantseva et al., 2006].

A deletion mutation exon7_8del has been identified in five
consanguineous Pakistani families and 1 Guyanese family [Jelani
et al.,, 2008; Petukhova et al.,, 2009; Shimomura et al., 2009b,
2009c]. A small deletion mutation 659_660delTA has been
identified in several consanguineous Pakistani families and 1
Guyanese family [Jelani et al., 2008; Petukhova et al., 2009;
Shimomura et al., 2009b,c]. Both mutations were defined as
founder mutations shared in families from Pakistan and Guyana
by haplotype analysis using microsatellite markers close to the
LIPH gene [Jelani et al., 2008; Petukhova et al., 2009; Shimomura
et al., 2009b,c]. In fact, these Guyanese families with ARH were
descended from people who had come from India about 100 years
ago, and it is plausible that both mutations originated from the
Indian population [Shimomura et al., 2009¢c]. However, neither
exon7_8del nor 659_660delTA mutations were detected in healthy
control individuals of Pakistani origin and their minor allele
frequencies were thought to be low in the Pakistani population
[Jelani et al., 2008; Shimomura et al., 2009b].

All six of the Japanese ARH patients from the five families in the
present study were compound heterozygous for c.736T>A
(p-Cys246Ser) and ¢.742C> A (p.His248Asn) or homozygous for
c.736T>A (p.Cys246Ser). ¢.736T>A (p.Cys246Ser) was found in
all five families, and ¢.742C > A (p.His248Asn) was detected in four
of the five families. Most recently, these missense mutations were
identified in three Japanese ARH families [Shimomura et al,
2009a}. One family carries two heterozygous missense mutations,
¢.736T>A and ¢.742C>A, and the other two families are
homozygous for the mutation ¢.736T>A. Thus, the missense
mutations ¢.736T >A (p.Cys246Ser) and ¢.742C> A (p.His248Asn)
are both suggested to be highly prevalent LIPH mutations in the
Japanese population. In the previous article, however, screening
assays with restriction enzymes excluded the existence of both
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mutations in 100 unrelated healthy control individuals (200 alleles)
of Japanese origin [Shimomura et al, 2009a]. In this study, in
contrast, we used direct sequences and MASA analysis and
identified these mutations in four alleles out of 200 unrelated
control alleles (100 individuals) (minor allele frequency of
c736T>A, 3/200 P=0.015 c. 742C>A, 1/200 P=0.005;
combined genotype, 4/200 P=0.020). In addition, the present
haplotype analysis revealed that the mutant alleles with ¢.736T>A
and those with ¢.742C>A had specific haplotypes, respectively,
which suggests that they derive from their own independent
founders (Fig. 3, Table 1). From these results, we consider that
the LIPH mutations ¢.736T>A (p.Cys246Ser) and c.742C>A
(p-His248Asn) are extremely prevalent founder mutations for ARH
in the Japanese population.

Previously, several deletion mutations and four missense
mutations were reported in the LIPH gene [Ali et al., 2007;
Horev et al., 2009; Jelani et al., 2008; Kamran-ul-Hassan Naqvi
et al., 2009; Kazantseva et al., 2006; Nahum et al., 2009; Naz et al,,
2009; Pasternack et al., 2009; Petukhova et al., 2009; Shimomura
et al,, 2009a,b,c]. In previous cases, ARH patients exhibited wide
variability in the hypotrichosis phenotype, although most patients
showed wooly hair during early childhood [Shimomura et al.,
2009b]. Even ARH patients with identical LIPH gene mutations
showed a wide variation in phenotype [Shimomura et al., 2009b].
In our cases, all the affected individuals had sparse, curled hair
that grew slowly from birth and then stopped growing after
reaching a few inches. There are no significant differences in
clinical features between families and patients. We cannot exclude
the possibility that differences in phenotype will emerge in the
future, because our patients were still less than 10 years of age. The
clinical features of the five families presented here are similar to
those of families with the other mutations in the LIPH gene, and
no apparent genotype/phenotype correlation was observed
between the patients with deletion mutations and those with
missense mutations.

PA-PLA,o hydrolyzes PA and produces LPA and FFA concur-
rently [Sonoda et al., 2002]. The LPA that is produced by
PA-PLA, o acts as a ligand for P2Y5, one of the G-protein-coupled
receptors (GPCRs), which has been identified as another causative
gene for human hair growth deficiency [Pasternack et al., 2008;
Shimomura et al., 2008]. It has been documented that ADAM
activation by GPCRs introduces the ectodomain shedding of cell
surface proteins, including the epidermal growth factor (EGF)
ligand family whose members include heparin-binding EGF-like
growth factor (HB-EGF) and TGFa [Ohtsu et al., 2006] (Fig. 6).

In this study, we performed two different in vitro PA-PLA o
enzyme activity analyses. One involved analyzing PA-PLAa
hydrolytic activity by measuring FFA (unpublished data). The
p-Cys246Ser and p.His248Asn mutants showed complete abolition
of PA-PLA,a hydrolytic activity, comparable with supernatant of
cells transfected with the empty vector only or with the control
loss-of-function mutant carrying p.Ser154Ala. The other involved
analyzing the P2Y5 activation ability of LPA produced by
PA-PLA,a by assaying free AP-TGFa (unpublished data). In this
analysis, the p.Cys246Ser and p.His248Asn mutant PA-PLA;o
had no ability to activate P2Y5. These results clearly indicated
that a loss of PA-PLA o function leads to defective activation of
P2Y5 by LPA, resulting in ARH phenotype in ARH patients with
LIPH mutations. Thus, complete loss of P2Y5 activation due
to reduced LPA is thought to be involved in the pathogenesis
of ARH.

While we were preparing the manuscript, Pasternack et al.
[2009] reported that PA-PLA;o derived from mutants with

€.403_409 duplication frameshift mutation and in-frame muta-
tions including ¢.280_369dup and c.527_628del did not show the
enzymatic activity of converting PA to LPA in vitro, and that they
did not activate P2Y5. The results presented in this study
completely agree with their results, although the assay system
for enzymatic evaluation and P2Y5 activation used by Pasternack
et al. [2009] is quite different from ours. In addition, the affected
amino acids in the mutant PA-PLA,a analyzed in this study were
quite different. Interestingly, our in vitro enzyme activity analysis
revealed that the present two missense mutations strikingly
affected the PA-PLA o activity as much as frameshift mutations
and large deletion mutations like ¢.403_409 dup, c.280_369dup,
and ¢.527_628del. These results were consistent with the fact that
there is no significant difference in severity of hair loss between
the present patients with missense mutations and affected
individuals with frameshift mutations or large deletion mutations,
c.403_409 dup, ¢.280_369dup, and c¢.527_628del. These results
clearly indicated that the loss of PA-PLA,« function caused by the
two present mutations leads to defective activation of P2Y5 by
LPA and suggest that loss of P2Y5 activation due to reduced LPA is
involved in the pathogenesis of ARH.
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Self-Improvement of Keratinocyte Differentiation
Defects During Skin Maturation in ABCA12-Deficient
Harlequin Ichthyosis Model Mice
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Harlequin ichthyosis (HI) is caused by loss-of-func-
tion mutations in the keratinocyte lipid transporter
ABCA12. The patients often die in the first 1 or 2
weeks of life, although HI survivors’ phenotypes im-
prove within several weeks after birth. In order to
clarify the mechanisms of phenotypic recovery, we
studied grafted skin and keratinocytes from Abcal2-
disrupted (Abcal2~’") mice showing abnormal lipid
transport. Abcal2 ™~ neonatal epidermis showed sig-
nificantly reduced total ceramide amounts and aber-
rant ceramide composition. Immunofluorescence
and immunoblotting of Abcal2™’~ neonatal epider-
mis revealed defective profilaggrin/filaggrin conver-
sion and reduced protein expression of the differen-
tiation-specific molecules, loricrin, kallikrein 5, and
transglutaminase 1, although their mRNA expression
was up-regulated. In contrast, Abcal2~’~ skin grafts
kept in a dry environment exhibited dramatic im-
provements in all these abnormalities. Increased
transepidermal water loss, a parameter representing
barrier defect, was remarkably decreased in grafted
Abcal2™/~ skin. Ten-passage sub-cultured Abcal2™'~
keratinocytes showed restoration of intact ceramide
distribution, differentiation-specific protein expres-
sion and profilaggrin/filaggrin conversion, which
were defective in primary-cultures. Using cDNA mi-
croarray analysis, lipid transporters including four
ATP-binding cassette transporters were up-regulated
after sub-culture of Abcal2~’~ keratinocytes com-
pared with primary-culture. These results indicate
that disrupted keratinocyte differentiation during the
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fetal development is involved in the pathomechanism
of HI and, during maturation, Abcal2™’~ epidermal
keratinocytes regain normal differentiation processes.
This restoration may account for the skin phenotype
improvement observed in HI survivors. (Am J Patbol
2010, 177:106-118; DOI: 10.2353/ajpath.2010.091120)

Harlequin ichthyosis (HI) (OMIM 242500) is one of the most
severe genetic skin disorders, and its clinical features at
birth include severe ectropion, eclabium, flattening of the
ears, and large thick plate-like scales over the entire body.
Infants affected with HI frequently die within the early neo-
natal period, although an increasing survival rate for Hl
newborns has recently been highlighted.? In 2005, we and
another independent research group identified mutations in
the ATP-binding cassette transporter A12 (ABCA12) gene
as the cause of HI.3* We previously demonstrated that a
severe ABCA12 deficiency causes defective lipid transport
in lamellar granules in the upper spinous and granular layer
keratinocytes, resulting in malformation of intercellular lipid
layers at the granular/cornified layer interface and epider-
mal lipid barrier disruption resulting in HI phenotype.® We
recently generated Abca12-disrupted (Abca?27/~) mice by
targeting Abca2, which closely reproduced the human Hi
phenotype and died soon after birth.® We tried systemic
retinoid administration to the pregnant female mice as a
form of fetal therapy, although no therapeutic effect was
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obtained in the Abca12~/~ newborns after ireatment.® After
our publication, Zuo et al® also reported another Abca?2
knockout mouse, whose skin showed similar features to our
maodel mice.

Previously, we demonstrated severe skin barrier defects
in Abcal2™/~ mice and suggested that “barrier insuffi-
ciency” plays an important role in Hl phenotype expres-
sion.®> However, “the barrier insufficiency” theory fails to
completely explain the pathomechanism of the HI pheno-
type. HI fetuses show a HI phenotype even in utero, where
skin barrier protection against a dry environment is not
required. In addition, the skin phenotype of HI long-term
survivors maintained in a dry environment shows a dramatic
improvement within several weeks after birth where they
require a normal skin barrier function. Thus, we suspected
that other unknown mechanisms are involved in HI and the
formation HI survivors’ skin phenotypes. To date there have
been no reports which have compared the skin phenotypes
in fatally affected H| neonates and survivors, and the exact
mechanism of HI survivors’ skin phenotype improvement
has yet to be clarified. Thus, we have carefully analyzed the
keratinization process of neonatal versus grafted Hl model
mice skin and primary versus subcultured Abca?2~'~ ker-
atinocytes instead of human HI neonatal and survivors’ skin.
Initially, we investigated the distribution and amounts/com-
position of lipids, and expression of differentiation-specific
molecules in neonatal HI model mice skin. Then, we studied
the alteration of them in grafted HI model mouse skin trans-
planted onto severe combined immunodeficient (SCID)
mice. In addition, we performed keratinocyte culture exper-
iments including immunostaining and Western blotting
using primary/subcultured Abca12™/~ keratinocytes to con-
firm the results of the neonatal and grafted skin experi-
ments. Further, we analyzed the whole gene expression
profile of primary versus subcultured Abcal2~/~ keratino-
cytes using cDNA microarray methods. Finally, we con-
ducted therapeutic trials on primary-cultured Abcal2™/~
keratinocytes and grafted Hl model mice skin with retinoids.

Materials and Methods

Animals

All animal studies were reviewed and approved by the
Animal Use and Care Committee of the Hokkaido Univer-
sity Graduate School of Medicine. C57BL/6 strain mice
and SCID mice were purchased from Clea (Tokyo, Ja-
pan). All animals used for this study were maintained
under pathogen-free conditions.

Antibodies

Rabbit polyclonal affinity purified anti-mouse Abcai2 an-
tibody was raised in rabbits using a 14-amino acid se-
qguence synthetic peptide (residues 2581 to 2594) de-
rived from the mouse Abca12 sequence (XM001002308)
as the immunogen.® The other primary antibodies were
rabbit anti-profilaggrin/filaggrin antibody (COVANCE,
Princeton, NJ), rabbit anti-involucrin antibody (M-116; Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-desmo-
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glein 1 antibody (H-290; Santa Cruz Biotechnology), rabbit
anti-mouse loricrin antibody (AF62; COVANCE), rabbit anti-
kallikrein 5 antibody (ab7283; Abcam, Cambridge, UK),
rabbit anti-glucosylceramide/ceramide antibody (Glycobio-
tech, Kukels, Germany), and mouse monoclonal anti- actin
antibody (Sigma Chemical Co., St. Louis, MO). Secondary
antibodies used in the present study were as follows; Alexa
Fluor 488-conjugated donkey anti-rabbit 1gG (Invitrogen
Corp., Carlsbad, CA), fluorescein isothiocyanate-conju-
gated goat anti-rabbit IgG (Jackson Immuno Research,
West Grove, PA), horseradish peroxidase-conjugated goat
anti-rabbit IgG or horseradish peroxidase-conjugated goat
anti-mouse 1gG (Invitrogen Corp.).

Generation of Abcal12™~ Mouse

The procedure for generating Abca?2~/~ mice has been
previously described.® Briefly, we cloned mouse genomic
DNA Abcai2 fragments from the mouse 129Sv/Ev
genomic library (Bacpac Resources Center, Children’s
Hospital Oakland Research Institute, Oakland, CA). We
subcloned a 10.6-kb fragment to make the targeting vec-
tor. We inserted the PGK/Neo cassette between 47 bp
upstream of the exon 30 and 203 bp downstream of exon
30. We transfected the targeting vector by electropora-
tion into 129Sv/Ev embryonic stem cells, then microin-
jected the correctly targeted embryonic stem cell line into
blastocysts obtained from C57BL/6 mice to generate chi-
meric mice, which we then mated with C57BL/6 females.
We crossed the heterozygotes with C57BL/6 over at least
five generations, and then intercrossed them to generate
the Abca12~'~ mice. Genotyping was performed by PCR
as described previously.® ’

Establishment of Abca12™/~ Mice Keratinocyte
Culture

Skin samples from Abcal2™/~ and wild-type mice were
processed for primary keratinocyte culture, and cells were
grown according to standard procedures in CnT-57 me-
dium (Celintec Advanced Cell Systems, Bern, Switzerland).
For differentiation induction, culture medium was switched
from CnT-57 medium to CnT-02 medium (Celintec Ad-
vanced Cell Systems) and, 24 hours later, the calcium con-
centration was changed to 1.2 mmol/L. 48 hours later, we
performed extractions of total RNA and protein from cul-
tured cells. We established primary-cultured keratinocytes
from two Abca?2~'~ mice and two wild-type mice.

Skin Grafting

In total, ten Abcal2™/~ and three wild-type neonates
were sacrificed by anesthesia with ether inhalation, and
their dorsal skin excised and transplanted onto SCID
mice (Clea). Those skin grafts were fully adapted within 2
weeks after grafting. At 3 weeks after transplantation, the
skin grafts were harvested for further analysis.

- 3564 -



108 Yanagi et al
AJP July 2010, Vol. 177, No. 1

Extraction of Total RNA and Real-Time Reverse
Transcriptase PCR Analysis

We separated the epidermis from whole skin samples of
wild and Abca12—/— mice by 1 mol/L NaCl in sterile water
at 4°C for 2 hours. We isolated total RNA from the epidermis
using the Quick Gene RNA Tissue Kit Sl (Fujifim Corp,
Tokyo, Japan). We also isolated total RNA from keratino-
cytes cultured from wild-type and Abcal2—/— skin using
the RNeasy mini kit (Qiagen Corp, Tokyo, Japan). RNA
concentration was measured spectrophotometrically and
samples were stored at —80°C until use for reverse tran-
scriptase PCR. We reverse-transcribed RNA using Super-
script Il (Invitrogen Corp.) following the manufacturer’s in-
structions. Complementary DNA samples were analyzed by
ABI prism 7000 sequence detection system (Applied Bio-
systems, Foster City, CA). Primers and probes specific
for differentiation-specific protein genes including lori-
crin, kallikrein 5, transglutaminase 1, involucrin, filaggrin,
and control house keeping genes, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), and B-actin, were ob-
tained from Tagman Gene Expression Assay (Applied
Biosystems) (Probe ID; Mm01962650_s1, Mm01203811_
al, Mm00498375_a1, Mm00515219_s1, Mm01716522_m1,
MmQ9999915_g1, and Mm00607939_s1). Differences be-
tween the mean CT values of loricrin, kallikrein 5, transglu-
taminase 1, involucrin, filaggrin and those of GAPDH or
B-actin were calculated as: ACTAbca12—/— mice = CTlori-
crin (or other keratinization markers) — CTGAPDH (or other
house keeping genes) and those of ACT for the Abca12+/+
asACT calibrator = CTloricrin (or other keratinization mark-
ers) — CTGAPDH (or other house keeping genes).

We could obtain the similar results from GAPDH and
B-actin standard, thus we described the results of
GAPDH standard in the present study. Final results for
Abcal2™/~ mouse samples/wild-type mouse samples
(%) were determined by 2 ‘ACTAbca12—/— sample —
ACTcalibrator). We measured mRNA levels five times for
each clones. Using similar methods, we quantitatively
analyzed these differentiation-specific mMRNA expression
levels in the primary/subcultured keratinocytes from
Abcal2™’~ and wild-type mice.

Western Blotting

We separated the epidermis from whole skin samples of
wild and Abca12™/~ mice by 1mol/L NaCl in sterile water at
4°C for 2 hours. For Western blotting, we used epidermal
homogenates and proteins extracted from cultured keratin-
ocytes prepared with radioimmunoprecipitation assay
(RIPA) buffer comprising 50 mmol/L Tris-HCl, pH7.5, 150
mmol/L NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1%
SDS, and Roche protease cocktail tablet (Roche, Basel,
Switzerland). Protein concentrations were measured using
Micro BCA protein assay kit (Thermo Scientific, Rockford,
{L). Protein concentration of the samples for western blotting
was from 1 to 2 ug/ul. The 20 ug protein loading per single
lane was separated by a 5 to 20% gradient gel SDS-poly-
acrylamide gel and transferred to polyvinylidene diflucride
membranes. Membrane blocking and incubation with anti-

bodies were performed in Tris-buffered saline with 2% non-
fat dry milk. Signals were revealed with chemiluminescence
reagents and photographed by LAS-1000 mini (Fuijifim
Corp, Tokyo, Japan). We also confirmed the loading protein
dose by B-actin antibody staining as internal protein control.
For analysis of filaggrin solubility and processing, epidermal
lysates were prepared with RIPA buffer. Samples of precip-
itated proteins in the RIPA buffer were solubilized again in 8
mol/L urea before boiling in reducing SDS loading buffer.

Light Microscopy and Immunofluorescence
Analysis

For light microscopy, we harvested the newborn pups’ skin
and the grafted skin, and fixed them for 24 hours in 10%
neutral buffered formalin, dehydrated them in graded eth-
anol, and embedded them in paraffin. We cut 4-um sec-
tions and stained them with H&E. For immunohistochemis-
try, the tissue samples were embedded in optimal cutting
temperature compound (Sakura Finetechnical Corp., To-
kyo, Japan). Frozen tissue sections were cut at a thickness
of 5 um. The sections were blocked with 1% bovine serum
albumin (BSA) in PBS for 30 minutes at room temperature,
and incubated in primary antibody solution in blocking
buffer for 30 minutes at 37°C. Fluorescent labeling was
performed with secondary antibodies, followed by pro-
pidium iodide (Sigma Chemical Co.) for 5 minutes at room
temperature to counterstain nuclei. The stained samples
were observed under an Olympus Fluoview confocal laser-
scanning microscope (Olympus, Tokyo, Japan).

In Situ Transglutaminase Activity

The procedure for in situ transglutaminase 1 activity assay
has been previously described.”® In brief, unfixed cryosec-
tions of 5 um were blocked with 100 mmol/L Tris-HCI pH7.4,
1% BSA for 30 minutes, and then incubated with 100
mmol/L Tri-HCI pH7.4, 5 mmol/L. CaCl,, 12 umol/L mono-
dansylcadaverine (Sigma) for 1 hour to detect transglutami-
nase 1 activity. For negative controls, EDTA was added to
the monodansylcadaverine solution to a final concentration
of 20 mmol/L. After stopping the transglutaminase 1 reac-
tion with 10 mmol/L EDTA in PBS, sections were incubated
with rabbit anti-dansyl antibody (Invitrogen Corp.) in 12%
BSA/PBS for 3 hours. Sections were then incubated with
fluorescein isothiocyanate-conjugated goat anti-rabbit anti-
body in 12% BSA/PBS for 30 minutes. Nuclei were counter-
stained by propidium iodide. The stained samples were
observed under an Olympus Fluoview confocal laser-scan-
ning microscope (Olympus).

Immunofluorescence Labeling of Cultured Cells

‘Immunoflucrescence labeling of cultured cells was per-

formed as previously described.® Briefly, primary/subcul-
tured keratinocytes were fixed in 4% paraformaldehyde for
15 minutes and permeabilized with 0.1% Triton X-100 for 15
minutes at room temperature. Keratinocytes were blocked
with 1% BSA in PBS for 30 minutes at room temperature,
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