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Table XIV. Examples of foundations, patient organizations, and useful Internet links

Foundations and registries

United States: Foundation for Ichthyosis and Related Skin Types (www.scalyskin.org), Registry for Ichthyosis and Related

Disorders (www.skinregistry.org)

Germany (Europe): Network for Ichthyoses and Related Keratinization Disorders (www.netzwerk-ichthyose.de/)

Japan: Registry for Autosomal Recessive Congenital Ichthyosis and Keratinopathic Ichthyosis supported by Health and
Labor Science Research Grants, Research on Intractable Diseases, Ministry of Health, Labor, and Welfare

Austria: National Registry for Genodermatoses Including Ichthyoses

Patient organizations for ichthyosis
Austria

Belgium

Denmark

Finland

France

Germany

ltaly

Japan

Monaco

Spain

Sweden

Switzerland

United Kingdom

United States

Other databases and Internet links

World Wide Web site hosted at National Center for
Biotechnology Information (NCBI):

Portal for rare diseases and orphan drugs:

Human intermediated filament database:

German guidelines for diagnosis and treatment
of ichthyoses:

www.selbsthilfe-tirol.at/Selbsthilfegruppen/Gruppen/
Ichthyose.htm
www.devidts.com/ichthyosis
www.iktyosis.dk
www.iholiitto.fi/
www.anips.net/
www.ichthyose.de
www.ittiosi.it/
www.gyorinsen.com
www.aaimonaco.org
www.ictiosis.org
www.iktyos.nu//
www.ichthyose.ch
www.ichthyosis.org.uk/
www.scalyskin,org

www.genetests.org
www.orpha.net

www.interfil.org
www.uni-duesseldorf.de/AWMF/1I/013-043.htm

corresponds to the diagnostic low-sulfur protein
content of the hair.?'***" Special immunohistochem-
ical procedures can be combined, eg, to confirm
filaggrin deficiency in 1V,*°*??! or demonstrate ab-
sent or reduced expression of LEKTI that supports the
diagnosis of NS.***?*' To screen for TGase-1 defi-
ciency in ARCI unfixed cryostat sections are used for
the enzyme activity assay.zzs’zm Alternatively, super-
ficial SC material can be subjected to a SDS heating
test that visualizes absent cross-linked envelopes in
TGase-1 deficiency.”’

There are special useful analyses given in Tables IV
to XII. For instance, steroid sulfatase deficiency un-
derlying RXLI can be demonstrated by reduced
arylsulfatase-C activity of leukocytes, or can readily
be diagnosed by the widely available fluorescent in
situ hybridization test for the STS gene region, be-
cause more than 90% of the cases are caused by a gene
deletion. Gas chromatography-mass spectrometry
reveals elevated serum levels of 8-dehydrocholesterol
and cholesterol in Conradi-Hinermann-Happle
syndrome and can identify a somatic EBP gene
mosaicism in unaffected individuals.**®

RESOURCES FOR CLINICIANS AND
PATIENTS

Currently, therapy of most ichthyoses is neither
type-specific nor corrective, but rather its goal is to
relieve symptoms.®*>#¢#2%232 Importantly,  clini-
cians have to consider the functional consequences
of the epidermal barrier defect, such as increased risk
of systemic absorption and toxicity, especially in
infants ?>!"**> Neonates with severe congenital phe-
notypes may require intensive care using humidified
isolettes (incubators) to avoid temperature instability
and hypernatremic dehydration, and observation for
signs of cutaneous infection and septicemia. Caloric
insufficiency as a result of evaporative energy losses
places infants with severe phenotypes at risk for
growth failure and requires early intervention.***2**

Affected individuals and/or their families should
be offered genetic counseling to explain the nature
of the disorder, its mode of inheritance, and the
probability of future disease manifestations in the
family.’” They should be offered psychologic sup-
port and be informed of patient organizations or
foundations (Table XIV).
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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 eLOX-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

in humans®®'® and in mice.'""'> We report that a Japanese patient with CIE, harbouring
one previously unreported ALOX12B mutation p.Arg442GIn and another known mutation

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

DOI 10.111 I/j.l365—2 133.2010.09745.x
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. 1a—).
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. 1g, 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
TGM1 (OMIM 190195), ABCAI2 (OMIM 607800), NIPAL4
(ichthyin; OMIM 609383), CYP4F22 (previously known as
F1j39501; 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—c) At 1 day of age: moderate ectropion and eclabium

(a), 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 (e) and the thigh (f). (g) Compound heterozygous ALOX12B mutations,
maternal p.Arg432X (c.1294C>T) and a novel missense mutation p.Arg442Gln (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 | 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 ALOX12B
mutations.

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

cornified layers.'”® From the study of Alox12b mutant mouse

skin transplants, it was suggested that 12R-LOX deficiency
might affect the processing of LGs.'* In Alox]2b-disrupted
mouse skin, irregular-sized vesicles were observed in the gran-
ular layers, and the stacks of lipid lamellae representing
extruded content of LGs 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 LG.""'* Lipid contents secreted from LG
are known to form the intercellular lipid layers in the stratum
corneumn.'® 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

— 324



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

Patient Control

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 European 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 ARCI. 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 ALOXI2B mutations in patients with CIE in Asian
countries.

© 2010 The Authors
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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,
3q927.2, and 13q14.11-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
Ao (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

ABSTRACT: Autosomal recessive hypotrichosis (ARH) is
characterized by sparse hair on the scalp without other
abnormalities. Three genes, DSG4, LIPH, and LPAR6
(P2RY5), have been reported to underlie ARH. We
performed a mutation search for the three candidate genes
in five independent Japanese ARH families and identified
two LIPH mutations: ¢.736T>A (p.Cys246Ser) in all five
families, and ¢.742C > A (p.His248Asn) in four of the five
families. Out of 200 unrelated control alleles, we detected
¢.736T>A in three alleles and ¢.742C> A in one allele.
Haplotype analysis revealed each of the two mutant alleles
is derived from a respective founder. These results suggest
the LIPH mutations are prevalent founder mutations for

ARH in the Japanese population. LIPH encodes PA-
PLA,a (LIPH), a membrane-associated phosphatidic acid-
preferring phospholipase Aja. Two residues, altered by
these mutations, are conserved among PA-PLAa of
diverse species. Cys**® forms intramolecular disulfide
bonds on the lid domain, a crucial structure for substrate
recognition, and His?*® is one amino acid of the catalytic
triad. Both p.Cys246Ser- and p.His248Asn-PA-PLA a
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
lysophosphatidic acid production by the mutant PA-PLA ;o
is involved in the pathogenesis of ARH.

Hum Mutat 31:602-610, 2010. © 2010 Wiley-Liss, Inc.

KEY WORDS: LIPH; Lysophosphatidic Acid; Phosphati-
dic Acid; Lid Domain; Catalytic Triad; LAH2; LAH

Introduction

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 a
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,

Autosomal recessive hypotrichosis (ARH; MIM#s 607892,

607903, 611452) is a rare form of alopecia characterized by sparse the morthem most mejor dstand of Japus, Fatliss B snd Bwere

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.

*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
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Figure 1. Clinical features of five Japanese families with ARH and identification of mutations in the LIPH 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, I, 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 LIPH 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 c.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 c.736 wild-type allele-specific primers, no PCR
product was detected in patient C-1, who was homozygous for c.736T>A. PCR products from the other patients who were compound
heterozygous for the two missense mutations ¢.736T >A and c.742C > A, from unaffected family members and from the normal control (N.C.)
were amplified by wild-type allele-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 LPARG, 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'; c.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 L/PH 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;a (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) (c.695-758) including
either the ¢.736T > A or the ¢.742C > A mutation were synthesized
by IDT Inc. (Coralville, IA). 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,a expression constructs and
compared mutant protein expression with wild-type (WT) and
p.Ser154Ala PA-PLA o protein. Previously, Sonoda et al. [2002]
reported that Ser'>* was the active catalytic residue and that the
p.Serl154Ala 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

HEK293 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
(62.5 mM Tris-HCI [pH 6.8], 4 M Urea, 10% Glycerol, 2% SDS, 5%
2ME, 10 pg/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,o 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-PLA,a. We added the super-
natant from HEK293 cells transfected with WT, p.Serl154Ala,
p.Cys246Ser, or p.His248Asn PA-PLA;a to the medium including
100 pM 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-a. (AP-TGFat) (kindly provided by Dr. Higashiyama,
Ehime University, Japan) [Tokumaru et al., 2000], recombinant
P2Y5 and WT, p.Ser154Ala, 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-PLAa. 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 pL 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. 1C, E I, 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

c.736T>A (p.Cys246Ser) and ¢.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 I, L, and O). We confirmed these LIPH mutations by
MASA analysis (Fig. 1D, G, ], 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 LPAR6 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 c¢.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
¢.742C> A (p.His248Asn) in Japanese patients appear to represent
founder effects in this island nation.

Expression of PA-PLA;o 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-PLA;a 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,a.

Analysis of PA-PLA o 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-Serl154Ala 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-PLAja Mutants

In this study, we cotransfected AP-TGFa, recombinant P2Y5
and WT, p.Serl54Ala, p.Cys246Ser, or p.His248Asn PA-PLA,a
constructs to HEK293 cells. To examine the P2Y5 activation
potency of mutant PA-PLA,a, AP-TGFa release into conditioned
media via ADAM, which was triggered by activation of P2Y5, was

605

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

— 330 —



Catabytic
trind

A p.C2A6Y --1 I—- p.H298N
‘ ) lidv_domgn_n

L 263

-‘- & “).)

;&3\539 %\LQ?'-’M’
ROVFLFMASLRKS
ROVFLYMSEVNGSE JO

"G

K? &vaﬁ 2

Figure 2. Conservation of the mutated residues and the three-dimensional proteln structure around the mutation sites. A: Multiple amino acid
sequence alignments of PA-PLA,a of diverse species. Amino acid residues Cys?*® and His®*® altered by the present two mutations are highly
conserved among PA- PLAlcx of diverse species. Amino acid residues that are conserved between the seven species are shown in yellow. The
12 residues that compnse 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 model of PA-PLA;a protein. Cys?*® and
His?*® residues are in red. Lid domain and B9loop are in green. Catalytic triad consists of Ser'> (purple), Asp'”® (purple) and His2*%. 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 L/PH in Han Chinese and ethnic Japanese populations.
LIPH structure (A) and the LD block within L/PH (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 rs7615714 rs12233604 rs12233487 1s12233490 1512233622 1512233623  rs1837882 159790230 rs497680 Haplotype
A c.736T>A A/IG T/C C/T A/C AIG C/T C/G G/A G/G A/G /111
c.742C>A A/IG T/C C/T A/IC AIG CIT C/G G/A GIG AIG /1
B c.736T>A A T C A A C C G G A I
c742C>A G @ T [¢] G T G A G G 111
C c.736T>A A T G A A C C G G A 1
(homozygote)
D c.736T>A A T C A A G C G G A 1
c.742C>A G C T C G i G A G G 11
E c.736T>A A/G T/C c/T A/C AIG C/T C/IG G/A G/G A/G /11
c.742C>A A/G T/C C/T - A/C AIG C/IT C/IG G/A G/G A/IG /111

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.

A The expression of mutant PA-PLAa
supernatant - 55kD
cell ysate
o~tubulin ¢ . B0kD
mock  WT SI54A C2465 H248N
B Analysis of PA-PLA« hydrolytic activity
5 -
4t mean 50 {n=4)
£
53T
©
® 2k
g
3
¢ 1r
b
g WY SISAA | C2465 = H248N |
mock PA-PLA, @ 5
Figure 4. Expression of PA-PLAjo in HEK293 cells and its

hydrolytic activity. A: Expression of mutant PA-PLA,a in HEK293 cells.
HEK293 cells were transfected with wild-type (WT), p.Ser154Ala
(S154A), p.Cys246Ser (C246S), and p.His248Asn (H248N) L/PH cDNA,
and the expression level of PA-PLA;a 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. a-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-PLA;a
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-PLAo, with a medium
including 100 uM PA, the levels of FFA hydrolyzed by C246S and H248N
mutant PA-PLA,o 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,a was more abundant than that from the
P2Y5— cells transfected with empty vector, which indicated that
the HEK293 cells had the ability to shed TGFa mediated by
intrinsic LPA receptor at some level (Fig. 5A). AP-TGFu release
from P2Y5 positive (P2Y5+) cells expressing the WT PA-PLA
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-TGFa responded equally to
TPA, confirming that expression of P2Y5 and PA-PLA,a did not
affect PKC-dependent AP-TGFo release (Fig. 5B). These data
clearly indicated that these mutations resulted in the loss of P2Y5
activation activity of PA-PLA,a.

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,o has N-
terminal domains that are essential for catalytic activity. Three
amino acid residues, Ser'>, Asp”s, 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, o has a 9 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 LPAR6 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, Cys**®
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,a activity.
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Figure 5. P2Y5 activation ability of PA-PLA;a mutants. To monitor
P2Y5 activation level by mutant and wild-type (WT) PA-PLAa, we
used p-nitrophenyl phosphate as a substrate for cleavage of AP-TGFo
and measured the amount of AP-TGFx released from the HEK293
cells. A: The amount of free AP-TGFx produced by P2Y5 mock-
transfected (P2Y5—) cells that were also transfected with WT PA-
PLAa is significantly greater than that produced by P2Y5— cells
transfected with an empty vector (mock). This indicates that HEK293
cells act to shed AP-TGFa, an activity that might be mediated by
intrinsic LPA receptors. The amounts of AP-TGFx released from P2Y5-
transfected (P2Y5+) cells expressing p.Ser154Ala (S154A), p.Cys246-
Ser (C246S), or p.His248Asn (H248N) mutant PA-PLA;a and P2Y5+
cells transfected with an empty vector (mock) are significantly lower
than that from P2Y5+ cells expressing WT PA-PLA;a. B: TPA sheds
AP-TGFa independently from the P2Y5 pathway. Effects of the TPA-
induced shedding of AP-TGFx 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
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Figure 6. Schematic signaling pathways of LPA produced by PA-
PLA;o via the P2Y5 receptor. PA-PLA;a 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 including those of the EGF ligand family, such as HB-EGF and
TGFo. 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; TGFe, transforming growth factor-o.

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.,, 2009c]. However, neither
exon?7_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
¢.736T>A (p.Cys246Ser). c.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,
c¢736T>A and c.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
c¢.736T>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 c.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,a 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 TGFo [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 o 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-PLAa
had no ability to activate P2Y5. These results clearly indicated
that a loss of PA-PLA,a 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 ¢.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 o 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;a 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,
¢.403_409 dup, c.280_369dup, and c.527_628del. These results
clearly indicated that the loss of PA-PLA;a 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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