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Mutations in GRHL2 Result in an Autosomal-Recessive
Ectodermal Dysplasia Syndrome

Gabriela Petrof, Arti Nanda,? Jake Howden,> Takuya Takeichi,’* James R. McMillan,>

Sophia Aristodemou,> Linda Ozoemena,> Lu Liu,® Andrew P. South,¢ Celine Pourreyron,¢
Dimitra Dafou,” Laura E. Proudfoot,! Hejab Al-Ajmi,? Masashi Akiyama,* W.H. Irwin McLean,®
Michael A. Simpson,® Maddy Parsons,” and John A. McGrath!.6*

Grainyhead-like 2, encoded by GRHLZ, is a member of a highly conserved family of transcription factors that play essential roles during
epithelial development. Haploinsufficiency for GRHLZ2 has been implicated in autosomal-dominant deafness, but mutations have not
yet been associated with any skin pathology. We investigated two unrelated Kuwaiti families in which a total of six individuals have
had lifelong ectodermal defects. The clinical features comprised nail dystrophy or nail loss, marginal palmoplantar keratoderma, hypo-
dontia, enamel hypoplasia, oral hyperpigmentation, and dysphagia. In addition, three individuals had sensorineural deafness, and three
had bronchial asthma. Taken together, the features were consistent with an unusual autosomal-recessive ectodermal dysplasia syn-
drome. Because of consanguinity in both families, we used whole-exome sequencing to search for novel homozygous DNA variants
and found GRHL2 mutations common to both families: affected subjects in one family were homozygous for ¢.1192T>C (p.Tyr398His)
in exon 9, and subjects in the other family were homozygous for c.1445T>A (p.Jle482Lys) in exon 11. Immortalized keratinocytes
(p.Jle482Lys) showed altered cell morphology, impaired tight junctions, adhesion defects, and cytoplasmic translocation of GRHL2.
Whole-skin transcriptomic analysis (p.Ile482Lys) disclosed changes in genes implicated in networks of cell-cell and cell-matrix adhesion.
Our clinical findings of an autosomal-recessive ectodermal dysplasia syndrome provide insight into the role of GRHL2 in skin develop-

ment, homeostasis, and human disease.

Grainyhead-like 2 (GRHL2) is a mammalian homolog of
Drosophila protein grainy head (GRH), which, along with
GRHL1 and GRHLS3, has a role in epithelial morphogen-
esis.’? This family of transcription factors controls the
development and differentiation of multicellular epithelia
by regulating genes germane to cell junction formation
and proliferation.** Biologically, GRHL2 contributes to
formation of the epithelial barrier and wound healing,
as well as neural-tube closure, maintenance of the muco-
ciliary airway epithelium, and tumor suppression.”"'
GRHL2 (MIM 608576) has been shown to regulate TERT
(MIM 187270) expression and to enhance proliferation
of epidermal keratinocytes; it also impairs keratinocyte dif-
ferentiation through transcription inhibition of genes
clustered at the epidermal differentiation complex'” and
regulates epithelial morphogenesis by establishing func-
tional tight junctions.*

GRHL2 is also present in the cochlear duct,* and mu-
tations in human GRHLZ have been found in progres-
sive autosomal-dominant hearing loss (DFNA28 [MIM
608641]),"*'° and other polymorphic sequence variants
in GRHL2 have been implicated in age-related hearing
impairment and noise-induced hearing loss.'”~** To date,
however, the role of GRHL2 in skin biology has not been

well established. Causing severe facial and neural-tube de-
fects, Grhl2 knockout is embryonically lethal in mice,"”*"
and mutant zebrafish display inner-ear defects and
abnormal swimming positions.'® In contrast, Grhll™~
mice show hair loss and palmoplantar keratoderma, as
well as abnormal desmosome cell junctions and dysregu-
lated terminal differentiation in keratinocytes.”! More-
over, Grhl3™/~ embryos fail to establish a normal epidermal
barrier and display defective embryonic wound repair.*
Thus, unlike for GRHL1 and GRHL3, there is currently
a lack of data associating GRHL2 with skin pathology.
In this report, however, we have identified two families
in which affected subjects have developmental defects
affecting skin, oral mucosa, and teeth (as well as hearing
and lungs), thus implicating GRHLZ in an autosomal-reces-
sive ectodermal dysplasia syndrome.

We investigated two unrelated Kuwaiti families, both
consanguineous, in which clinically similar features were
present in a total of six affected individuals (Figures 1A
and 1B). The clinical features were noted in early infancy
and comprised short stature (<25™ percentile), nail
dystrophy and/or loss, oral mucosa and/or tongue pigmen-
tation, abnormal dentition (delay, hypodontia, enamel hy-
poplasia), keratoderma affecting the margins of the palms
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ED-01

and soles, and focal hyperkeratosis of the dorsal aspects of
the hands and feet (Figures 1C and 1D; Figure §1, available
online). No individual showed any wound-healing defect,
blistering tendency, hair or sweating abnormalities, or
other developmental anomalies. Two affected sisters (ED-
02 VI-3 and VI-5) had dysphagia with evident esophageal
strictures. Three individuals (ED-01 IV-4 and IV-5 and
ED-02 VI-3) developed sensorineural deafness in early in-
fancy, and three others (ED-01 IV-4 and IV-5 and ED-02
IV-2) had bronchial asthma. One individual (ED-01 1V-4)
had severe iron-deficiency anemia requiring blood transfu-
sion. Laboratory tests (full blood count, serum biochem-
istry, immunoglobulin levels, and thyroid-function tests)
were otherwise within the normal range for all affected
individuals. None of the parents had any skin, hair, teeth,
nail, or hearing abnormalities.

To investigate the etiology of the condition, we first
assessed lesional skin biopsies taken from three affected
individuals (ED-01 IV-4 and ED-02 VI-3 and VI-5) by using
immunohistochemistry and transmission electron micro-
scopy. The subjects’ legal guardians provided written
informed consent according to a protocol approved by
the St. Thomas’ Hospital Ethics Committee (Molecular
basis of inherited skin disease: 07/H0802/104). Blood and
skin samples (ellipse of skin taken under local anesthesia
by 1% lignocaine) were obtained in adherence to the
Declaration of Helsinki guidelines. Light microscopy
showed mild acanthosis and hyperkeratosis (Figure 52),
but transmission electron microscopy of the skin was unre-
markable—it showed no clear abnormalities in keratino-
cytes, hemidesmosomes, or desmosome cell-cell junctions.
Likewise, skin immunolabeling using a panel of antibodies

Figure 1. Pedigrees and Clinical Features
of This Autosomal-Recessive Ectodermal
Dysplasia Syndrome

(A and B) Two unrelated consanguineous
pedigrees with a total of six affected indi-
viduals.

(C and D) An affected 8-year-old male
(from pedigree ED-01) and an affected 12-
year-old female (from pedigree ED-02)
both show features of tongue hyperpig-
mentation, skin thickening around the
margins of the palms and soles, hypoplas-
tic finger and toe nails, knuckle pads on
the fingers, and atrophic wrinkling on the
dorsal aspects of the hands and feet. Addi-
tional clinical images from other subjects
are shown in Figure S1.

that target basement membrane
extracellular matrix proteins (collagen
IV and collagen VII), epidermal-adhe-
sion-associated proteins (desmoglein
1, keratin 1, keratin 14, and desmopla-
kin), and markers of terminal differ-
entiation (filaggrin) showed normal
intensity and labeling patterns when
affected skin from two affected individuals was compared
to skin from a normal control subject (Figure S3; see Sup-
plemental Data for methods and antibody details). How-
ever, we noted increased staining for the proliferation
marker Ki-67 in the epidermis (Figure 54). Collectively,
the skin-biopsy findings were not diagnostic for any
known inherited skin disease.

We then used whole-exome sequencing to identify a
candidate gene or genes. We extracted genomic DNA
from peripheral blood from two affected individuals (ED-
01 IV-4 and ED-02 VI-3). We performed whole-exome cap-
ture by using in-solution hybridization (Agilent All Exon
Kit V4) and generated sequencing on the Illumina HiSeq
2000. Resulting reads were aligned to the reference human
genome (UCSC Genome Browser hg19, GRCh37) with the
Novoalign software package (Novocraft Technologies).
Duplicate reads, resulting from PCR clonality or optical
duplicates, and reads mapping to multiple locations
were excluded from downstream analysis. A summary of
exome-coverage data is presented in Table S1. Sixteen pre-
viously unreported homozygous mutations were identified
(ten in family ED-O1 and six in family ED-02). The only
gene containing homozygous variants common to both
subjects was GRHLZ2 (Table 5Z). The respective mutations
were ¢.1192T>C (p.Tyr398His) in exon 9 and c.1445T>A
(p.Ile482Lys) (RefSeq NM_024915.3) in exon 11. These
mutations were confirmed by Sanger sequencing (Figures
2A and 2B) and were also shown to segregate with the dis-
ease phenotype in other affected pedigree members. Both
mutations are located in the DNA binding site of GRHLZ2
(Figure 2C) and are predicted to be “probably damaging”
by PolyPhen-2 analysis (scores 0.984 and 0.994 for
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Figure 2. Autosomal-Recessive Muta-
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(A and B) Sanger sequencing confirmed
the presence of different homozygous
missense mutations in GRHL2 in affected
subjects from both pedigrees.

c T

ED-01 111-4 (+/+):¢.1192T>C {p. Tyr398His)

ED-02 VI-3 (+/+): ¢.1445T>A {p.lle482Lys)

(C) Schematic representation of the func-
tional domains of GRHL2. The recessive

€ & 6 T € & T A & ¢ T ¢ &

&

& [ T

missense mutations we identified (top)
are located within the DNA binding
domain; the previously reported heterozy-
gous splice-site or deletion mutations that
cause autosomal-dominant deafness are

also illustrated (bottom).

(D) qPCR for GRHL2 expression in cultured
keratinocytes showed reduced expression
in two affected subjects from pedigree
ED-02 (*p < 0.05 in comparison to control
cells). Error bars represent the SD from
three independent experiments.

(E) Immunoblotting using cultured kerati-
nocyte whole-cell lysates revealed mark-
edly reduced or undetectable amounts of
GRHL2 in these same individuals.

contact areas and within the nu-
cleus (Figure 3A), whereas in mutant
cells, the signal was not at the pe-
riphery and instead showed a frag-
mented punctate nuclear localization
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¢.1192T>C and c.1445T>A, respectively). Neither variant
has been observed by the 1000 Genomes Project or de-
tected in ~1,200 control in-house exomes or in 260 ethni-
cally matched control chromosomes.

GRHL2 can be detected in the nuclear fraction of normal
human keratinocytes in culture (but is subsequently lost in
cell senescence).”* We cultured keratinocytes from two of
the skin biopsies (ED-02 VI-3 and ED-02 VI-5) by standard
methods and used these cells to examine GRHL2 expres-
sion and GRHL2 localization (see Supplemental Data for
methods); both were found to be reduced (Figures 2D
and 2E). We then isolated primary keratinocytes from
one of the affected individuals (ED-02 VI-5) and immortal-
ized these cells at passage 1 (see Supplemental Data for
methods). The phenotype of these cells was assessed by
confocal microscopy. GRHL2 mutant cells showed a less
cuboidal, elongated phenotype and failed to form intact
cell junctions, as seen in control immortalized keratino-
cytes. Notably, there was a reduction in cell membrane
labeling for E-cadherin (adherens junctions) and zona-
occludens-2 (tight junctions) (Figure S$5). GRHL2 stain-
ing in control keratinocytes was seen both at cell-cell

(Figure 3B). To assess the effects of
the mutations on keratinocyte cell
function, we also performed assays
of cell adhesion and de-adhesion (see
Supplemental Data for methods). No
differences were noted for cell adhe-
sion between mutant and control cells
(Figure 3C), but mutant cells detached from fibronectin
much faster than normal human keratinocyte controls
after exposure to trypsin (Figure 3D).

Next, we assessed the transcriptome profile by using
RNA extracted from whole skin from two individuals in
pedigree ED-02. RNA from healthy control skin was ob-
tained from discarded abdominoplasty tissue from plastic
surgeons and used as four pooled samples. RNA extraction
was performed with the Ambion mirVana miRNA Isolation
kit (Invitrogen) according to the manufacturer’s instruc-
tions. RNA was amplified with the Illumina TotalPrep
RNA Amplification Kit, and subsequent gene-expression
profiling was performed with the Illumina array Hu-
manHT-12 v4 Expression BeadChip Kit according to the
manufacturer’s instructions. Gene-expression data were
then analyzed with GenomeStudio software (Illumina). A
prefiltering set was determined for significantly modulated
expression (detection p value < 0.01; signal intensity fold
change > 2.0) between affected and control skin. A
comprehensive functional-enrichment analysis was then
performed with (1) the Database for Annotation, Visualiza-
tion, and Integrated Discovery (v.6.7), based on the Gene
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Impact of GRHL2 Mutations on Keratinocyte Cell Biology

(A) Confocal microscopy in normal keratinocytes revealed nuclear, cytoplasmic, and membranous labeling for an antibody raised

against GRHL2.

(B) In contrast, keratinocytes from an affected subject showed an altered pattern of antibody localization within the nucleus and a lack of

any cell membrane labeling.

(C) Cell-adhesion assays showed no difference between wild-type and mutant keratinocytes. Error bars represent the SD from three

independent experiments.

(D) In contrast, mutant cells showed more rapid detachment in trypsin de-adhesion assays. Error bars represent the SD from three
independent experiments. NHK stands for normal human keratinocyte.

Ontology (GO) database (see Web Resources), and (2)
the GeneGo Metacore software (Thomson Reuters), a sys-
tems-biology analysis tool based on a curated database
of human protein-protein and protein-DNA interactions,
transcription factors, signaling, and metabolic pathways.
Comparison of the affected individuals’ skin with the
skin of healthy age- and site-matched control individuals
identified 1,457 gene transcripts that were significantly
altered: 668 upregulated (> 2-fold change) and 789 down-
regulated (<£0.5-fold change) transcripts for ED-02 VI-5.
For ED-02 VI-3, 1,141 gene transcripts were altered: 466
upregulated and 675 downregulated. Of these changes in
gene expression, 359 upregulated and 344 downregulated
gene transcripts were common to both affected subjects.
Evaluation of the changes in gene expression by func-
tional-enrichment analysis identified several enriched
GO pathways, processes, networks, and disease-associated
transcripts, some of which are germane to the known func-
tions of GRHL2. The top three upregulated GO pathways
were linked to protein-folding maturation, cytoskeleton
remodeling, and transcriptional control of lipid biosyn-
thesis (involving genes encoding proopiomelanocortins

and mitochondrial enzymes involved in metabolic path-
ways) (Tables S3-510). Among the most significantly
upregulated GO networks were the signal-transduction
pathways and intermediate-filament remodeling (Table
$7). Conversely, immune-response signaling; migration-
inhibitory-factor-induced cell adhesion, migration, and
angiogenesis; and networks of cell-cell and cell-matrix
adhesion were downregulated (Table 58).

With regard to skin differentiation and barrier forma-
tion, selected alterations in gene expression are presented
in Table §11. We also verified potential changes by per-
forming quantitative PCR (QPCR) with RNA from whole
skin of three individuals from the two pedigrees, as well
as immortalized keratinocytes and primary fibroblasts
from one affected person (see Supplemental Data for
methods and controls). We observed reduced expression
of GRHL?2 for all templates and a contrasting increase in
GRHL1 (MIM 609786) and GRHL3 (MIM 608317) expres-
sion: unique and cooperative roles for this transcription
factor family have been previously documented.” The
most marked skin-barrier-associated gene changes were
upregulation of aquaporin-encoding genes AQP5 (MIM
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600442) and AQP7 (MIM 602974), the latter of which
was expressed 50x-100x more in affected skin than in
control skin. Gain-of-function mutations in AQP5 have
previously been associated with a form of autosomal-domi-
nant nonepidermolytic palmoplantar keratoderma (MIM
600962).>° Two-fold or greater reduction in gene expres-
sion was noted for SI00A8 (MIM 123885) and SI00A9
(MIM 123886), known targets for GRHLI. Previously, it
has also been shown that GRHL2 enhances skin-barrier
function by upregulating the tight-junction components
claudins 3 and 4 and also Rab25, which localizes claudin
4 to tight junctions.”® In affected people, we noted in-
creases in CLDN3 (MIM 602910), CLDN4 (MIM 602909),
and RAB25 (MIM 612942) expression in whole skin (tran-
scriptome and qPCR) and cultured keratinocytes (qQPCR).
Increased claudin 4 immunolabeling was also noted in
the skin of two affected individuals (Figure S5).

Labeling for the proliferation marker Ki-67 was increased
in the affected subjects’ skin (Figure S4). This indicates that
suprabasal keratinocytes are subject to an abnormal termi-
nal-differentiation program, which provides a possible
explanation for thickening of the epidermis and impair-
ment of the epidermal barrier in our affected individuals
with mutant GRHL2, although it is unclear why the most
prominent skin scaling was found around the margins
of the soles. We also noted reduced expression of TERT
in the affected individuals’ skin and keratinocytes. Over-
expression of GRHL2 in normal keratinocytes increases
telomerase activity and increases replicative life span
(TERT and PCNA [MIM 176740]). In contrast, knockdown
of GRHL2 represses the expression of these genes.'?

The impact of GRHL2 mutations on cell morphology
has been previously described.* Lung epithelial cells trans-
duced with Grhl2 small hairpin RNA flatten in culture and
lose their cuboidal morphology into an expanded cell
phenotype. Knocking down Grhl2 in lung epithelial cell
lines leads to downregulation of Cldn4 and Cdh1.’ In our
subjects’ keratinocytes, immunostaining with E-cadherin
showed reduced expression and qPCR showed downregu-
lation of this transcript (Figure S6).

In addition to being expressed in skin, Grhl2 and GRHL2
are highly expressed in the inner ear, the lung epithelium,
the ureteric bud of the kidney, the olfactory epithelium,
the urogenital tract, the gastric mucosa, and human breast
cancer cells.*%11*%27:28 With regard to the clinical pheno-
type in our affected individuals, aside from the changes
affecting the skin and oral mucosa, the other main features
comprised deafness and asthma, although this was
variably present. Three subjects (ED-01 IV-4 and IV-5
and ED-02 VI-3) had deafness that developed in early in-
fancy (c.f. the later-onset deafness in other families with
GRHL2 haploinsufficiency).”"'® Of note, none of the het-
erozygous carriers of either missense mutation in GRHL2
had any deafness. The significance of GRHLZ in vertebrate
inner-ear development is well established,'® but the lack of
deafness in the heterozygotes (and some homozygotes) in
our pedigrees indicates a different functional effect of the

missense mutations. Deafness is not a common feature of
ectodermal dysplasia syndromes, although hearing loss
can result from abnormalities in p63 and Notch signaling
(morphological defects in organ of Corti)*” and mutations
in connexins 26 and 30 (altered endolymph ion homeosta-
sis).>” In contrast, mutagenesis studies in Grhl2 have indi-
cated a probable different pathophysiology for deafness
with enlarged otocysts, absent otoliths, and malformed
semicircular canals.'®

The observation that three of the affected individuals
(ED-01 V-4 and IV-5 and ED-02 IV-2) had clinical symp-
toms of asthma is also noteworthy because the top en-
riched GO disease among the downregulated transcripts
in our microarray data was asthma (Table S10). Previous
in situ hybridization analyses have indicated that Grhi2
is the only family member that is highly expressed in distal
lung epithelium throughout development, although the
particular cells expressing Grhl2 have not been identified,
nor has its functional role in the lung epithelium been
fully established.” Grhll and Grhl3, in contrast, are ex-
pressed in the embryonic lung epithelium, but later their
expression is reduced in bronchi and bronchioles and is
undetectable in the alveolar lung epithelium.**” The
potential relevance of other sequence variants in GRHL2
to sporadic or familial cases of human asthma and other
obstructive-airway diseases remains to be determined.

In summary, GRHLZ2, a member of a family of highly
conserved transcription factors, is implicated in epithelial
morphogenesis across a number of species. We have used
whole-exome sequencing to identify GRHLZ2 mutations
underlying an ectodermal dysplasia syndrome in two fam-
ilies, and our data expand the current knowledge about the
role of GRHL2 in human disease and epithelial cell biology.

Supplemental Data

Supplemental Data include 6 figures and 13 tables and can be
found with this article online at http://dx.doi.org/10.1016/.
ajhg.2014.08.001.
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Web Resources

The URLs for data presented herein are as follows:

Ensembl Genome Browser, htip://www.ensemblorg/index.hitml

Gene Expression Omnibus, hittp://www.ncbinbm.nih.gov/geo/

Gene Ontology Consortium, http://www.geneontology.org/

Online Mendelian Inheritance in Man (OMIM), http://www,
omim.org/

Primer3, http://frodo.wi.mit.edu/primer3/

PubMed, http://www.ricblnlmunih.gov/PubMed/

RefSeq, hitp://www.ncbinlm.nih.gov/RefSeq

UCSC Genome Browser, hitp://genome.ucsc.edu/

Accession Numbers

The Gene Expression Omnibus accession number for the micro-
array data reported in this paper is number GSES56486.
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protein associated with the transport of lipids via lamellar granules. ABCA12 is considered to transport
lipids including ceramides to form extracellular lipid layers in the stratum corneum of the epidermis,
which is essential for skin barrier function. ABCA12 mutations are known to underlie the three major
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ABwam 2 types of autosomal recessive congenital ichthyoses: harlequin ichthyosis, lamellar ichthyosis and congeni-
Apoptosis tal ichthyosiform erythroderma. ABCA12 mutations result in defective lipid transport via lamellar granules
Ceramide in the keratinocytes, leading to ichthyosis phenotypes from malformation of the stratum corneum lipid bar-

rier. Studies on ABCA12-deficient bioengineered models have revealed that lipid transport by ABCA12 is
required for keratinocyte differentiation and epidermal morphogenesis. Defective lipid transport due to
loss of ABCA12 function leads to the accumulation of intracellular lipids, including glucosylceramides and
gangliosides, in the epidermal keratinocytes. The accumulation of gangliosides seems to result in the apo-
ptosis of Abca12~~ keratinocytes. It was reported that AKT activation occurs in Abcal2™~ granular-layer
keratinocytes, which suggests that AKT activation serves to prevent the cell death of Abca12~/~
keratinocytes. This article is part of a Special Issue entitled The Important Role of Lipids in the Epidermis
and their Role in the Formation and Maintenance of the Cutaneous Barrier. Guest Editors: Kenneth R.
Feingold and Peter Elias.

Harlequin ichthyosis
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Lamellar granule
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1. Introduction

ATP-binding cassette (ABC) transporters form a large superfam-
ily [1]. They bind and hydrolyze ATP to transport various molecules
across limiting membranes or into vesicles [2]. The ABCA subfamily
members are thought to transport lipid materials [3]. The ABC
transporter A12 (ABCA12) is known to be a key molecule in
keratinocyte lipid transport (Fig. 1) {1,4-6]. This article compre-
hensively reviews the physiologic roles and pathogenic importance
of ABCA12 as a keratinocyte lipid transporter in the context of
keratinocyte differentiation, and epidermal morphology and lipid
barrier formation.

Abbreviations: ABC, ATP-binding cassette; ABCA12, ATP-binding cassette transporter
sub-family A member 12; CIE, congenital ichthyosiform erythroderma; HDL, high-density
lipoprotein; HI, harlequin ichthyosis; LG, lamellar granule; LI, lamellar ichthyosis; PPAR,
peroxisome proliferator-activated receptor; TINCR, terminal differentiation-induced
non-coding RNA

* This article is part of a Special Issue entitled The Important Role of Lipids in the
Epidermis and their Role in the Formation and Maintenance of the Cutaneous Barrier.
Guest Editors: Kenneth R. Feingold and Peter Elias.

* Tel.: +8152 744 2314; fax: +81 52 744 2318.

E-mail address: makiyama@rmed.nagoya-u.ac,jp.

1388-1981/% — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bbalip.2013.08.009

2. ABCA subfamily transporters and human diseases

Mutations in ABCA subfamily genes have been shown to cause sev-
eral genetic diseases. The ABCA subfamily, of which the ABCA12 gene
is a member, comprises 17 members (ABCA1-ABCA17), several of
which are essential for lipid transport and secretion [7]. ABCA11 is a
pseudogene, and no orthologous counterparts for ABCA14-ABCA17
have been documented in the human genome [8].

mRNA levels of ABCA2, ABCA3 and ABCA7 in the ABCA subfamily
were reported to be upregulated after sustained cholesterol influx
[9,10], suggesting that ABCA transporters are involved in the transmem-
brane transport of endogenous lipids [11]. Transporters in the ABCA sub-
family are thought to be involved in the transmembrane transport of
cholesterol [12-14]. Interestingly, ABCA3 functions in pulmonary surfac-
tant lipid secretion through the production of lamellar-type granules
within lung alveolar type 1 cells [15,16]. This lamellar granule is similar
but not identical to the lamellar granules seen in epidermal keratinocytes.

Three genes in the ABCA subfamily, including ABCA12, have been
implicated in the development of genetic diseases affecting cellular
lipid transport. In the phylogenetic tree of ABCA subfamily proteins,
ABCA3 is very close to ABC12 [1]. ABCA3 is known to aid lipid secretion
from alveolar type II cells via lamellar granules [15], and an ABCA3

—184—



436 M. Akiyama / Biochimica et Biophysica Acta 1841 (2014) 435-440

trapsmembrane
domains

limiting membrae
(of lamellar granules)

cytoplasmic side

| ATP-binding cassettes |

Walker A and B motifs
<1 Active transport signature

Fig. 1. ABCA12 protein and domain structure. ABCA12 is a full ABC transporter containing two ATP-binding cassettes (adapted from Reference No. [4]).

deficiency was reported to underlie a fatal lung surfactant deficiency in
newborns (surfactant metabolism dysfunction-3, MIM #610921) [16],a
condition that often leads to death shortly after birth.

ABCA1 is the key member of the ABCA subfamily. Mutations in the
human ABCA1 gene cause familial alpha-lipoprotein deficiency syn-
drome (high density lipoprotein deficiency type I, Tangier disease,
MIM #205400), which suggests that ABCA1 is a significant regulator
of high-density lipoprotein metabolism [17-19].

3. ABCA12 mutations and ichthyoses: genetic diagnosis and
genotype/phenotype correlations

Mutations in ABCA12 are known to cause the three major
phenotypes of autosomal recessive congenital ichthyoses: harlequin

ichthyosis (HI) [4,20], lamellar ichthyosis and congenital ichthyosiform
erythroderma [21,22]. HI has the most severe phenotype of any
ichthyosis subtype. Affected patients have plate-like scales over the
whole body, severe ectropion and eclabium (Fig. 2) [4].

My review of the literature on ABCA12 mutations in patients with
ARClI summarized 56 ABCA12 mutations in 66 unrelated families, includ-
ing 48 HI, 10 lamellar ichthyosis and 8 congenital ichthyosiform
erythroderma families in 2010 [23]. ABCA12 mutations have been re-
ported among autosomal recessive congenital ichthyosis patients with
African, European, Pakistani/Indian and Japanese backgrounds in most
parts of the world. Of the 56 mutations, 36% (20) are nonsense, 25%
(14) are missense, 20% (11) comprise small deletions, 11% (6) are
splice-site, 5% (3) are large-deletion and 4% (2) are insertion mutations
[23]. Atleast 62.5% (35) of all reported mutations are predicted to result

Fig. 2. Typical clinical features of harlequin ichthyosis (HI) seen in two affected babies (adapted from Reference No. [4]).
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in truncated proteins. There is no obvious mutation hot spot in ABCA12
mutations, although mutations underlying the lamellar ichthyosis phe-
notype are clustered in the domain of the first ATP-binding cassette
[24].

It was reported from a study of 45 HI cases that Hl is genetically ho-
mogeneous, with a 100% mutation rate in one or both alleles of ABCA12
[25]. In the two other major phenotypes of autosomal recessive
ichthyosis, LI and congenital ichthyosiform erythroderma, ABCA12 mu-
tations were frequently found in CIE families (five of eight families),
but not in LI families from our study in the Japanese population [26].
ABCA12 are the major causative genes also in congenital ichthyosiform
erythroderma, at least in the Japanese population, although this situa-
tion clearly differs from that of Europe [26].

As for genotype/phenotype correlations resulting from ABCA12 mu-
tations, typically homozygotes or compound heterozygotes with trun-
cation ABCA12 mutations lead to an HI phenotype [23]. Only a few
exceptional cases have been reported [27]. Some missense ABCA12 mu-
tations within highly conserved transmembrane regions are able to
cause drastic alterations in the protein structure and function, resulting
in severe phenotypes that are similar to those of truncation mutation
patients [27].

Recently, we confirmed that the ABCA12 mRNA expression by cuta-
neous epithelial cells can be analyzed using total RNA extracted from
pulled hairs without the need for invasive skin biopsies {28]. tRNA
was extracted from the hair roots, and cDNAs were obtained by reverse
transcription-PCR using the tRNA. In an HI patient, the expression of
ABCA12 mRNA can be evaluated by quantitative PCR using the cDNAs
to determine whether there is RNA decay. Sequencing of cDNA can
also demonstrate the aberrant splicing patterns that are due to splice-
site mutations.

4. ABCA12-deficient bioengineered models

Several bioengineered disease models of ABCA12 deficiency have
been established to study the pathomechanisms of ichthyosis phenotypes
resulting from defective ABCA12 function and to obtain clues toward de-
veloping novel treatments for ichthyosis with ABCA12 deficiency.

We transplanted cultured keratinocytes from patients with HI and
succeeded in reproducing HI skin lesions in immunodeficient mice [29].
The reconstituted HI lesions demonstrated similar abnormalities to
those seen in HI patients’ skin. Furthermore, we generated Abcal2-
disrupted (Abcal2~/~) mice that closely reproduced the human HI phe-
notype, including intensive hyperkeratosis with eclabium and skin
fissures [30]. Lamellar granule malformation, defective ceramide distribu-
tion and severe skin barrier dysfunction were apparent in the epidermis
[30]. The Abcal2 ™/~ mice also showed lung alveolar collapse immediately
after birth [30]. Lamellar bodies in alveolar type Ii cells from Abcal2~/~
mice showed malformation, and surfactant protein B, an essential compo-
nent of alveolar surfactant, was deficient in the Abca12™/~ mice [30]. An-
other group independently developed Abcal2™/~ mice that also had the
clinical features of HI [31]. In the Abcal2-disrupted HI model mice, a
lack of desquamation of keratinized cells was seen, accounting for the
five-fold thickening of the Abca12™/~ stratum corneum [31]. This lack of
desquamation was suggested to be associated with a significant reduction
in linoleic esters of long-chain w-hydroxyceramides and a corresponding
increase in their glucosylceramide precursors in the skin [31]. w-
Hydroxyceramides are essential for intact barrier function of the stratum
corneum. A mouse strain harboring a homozygous spontaneous missense
mutation was reported to demonstrate skin symptoms similar to
ichthyosis [32]. Analysis of lipids in Abca12 mutant epidermis showed de-
fects in lipid components, indicating that Abca12 plays an important role
in maintaining lipid homeostasis in the skin [32].

A zebrafish model of ichthyosis was also established by morpholino-
mediated knockdown of the abca12 gene [33]. In the skin of the abca12-
deficient zebrafish, morphological changes that were akin to those seen
in the epidermis of human HI patients were observed [33]. This fish

model might serve as a useful tool for studying abnormalities in epider-
mal morphogenesis in keratinization disorders caused by ABCA12
deficiency.

5. Pathomechanisms of ichthyosis due to ABCA12 mutations

Several striking morphologic abnormalities have been reported in the
epidermis of HI patients, including aberrant lamellar granules in the
keratinocyte granular layer and malformation of the extracellular lipid la-
mellae in the stratum corneum [34-37]. ABCA12 deficiency subsequently
results in disturbed lipid transport by lamellar granules in the upper epi-
dermal keratinocytes, leading to malformation of the intercellular lipid
Jayers in the stratum corneum of HI patients [4].

Cultured epidermal keratinocytes from an HI patient carrying ABCA12
loss-of-function mutations demonstrated defective glucosylceramide
transport, and this abnormality was reversible by in vitro ABCA12 correc-
tive gene transfer [4]. Glucosylceramide transport in the cytoplasm has
been studied on cultured keratinocytes from a total of three patients har-
boring ABCA12 mutations. One patient was homozygous for the splice-
site mutation ¢.3295-2A>G [4], and another was compound heterozy-
gous for p.Ser387Asn and p.Thr1387del [38]. Only one heterozygous
mutation, p.lle1494Thr, was identified in the other patient [39].
Keratinocytes cultured from each of the three patients clearly showed
disturbed glucosylceramide transport in the cytoplasm.

Furthermore, in the epidermal keratinocytes from two congenital
ichthyosiform erythroderma patients with ABCA12 mutations, malfor-
mation of lamellar granules was seen [39]. Electron microscopy re-
vealed abnormal, defective lamellar granules in the cytoplasm of
granular layer keratinocytes, along with some normal-appearing lamel-
lar granules {39].

The intercellular lipid layers of the stratum corneum are indispens-
able for epidermal barrier function. In ichthyotic skin with ABCA12 de-
ficiency, malformation of the lipid layers is thought to lead to a serious
loss of epidermal barrier function and probably to result in extensive
compensatory hyperkeratosis [40].

In this context, there may be possible candidate therapies for
ichthyosis lesions based upon the identified pathogenic mechanisms,
i.e., malformation of the intercellular lipid layers in the stratum corneum.
Topical application of lipid contents similar to lamellar granule-derived
lipids might be effective for the ichthyosis lesions that result from
ABCA12 deficiency. However, no clear evidence supporting the efficacy
of topical application of lipid compounds has been obtained in the
model mice, to date, partly because the model mice die shortly after
birth [30-32].

We tried fetal therapy on our Abcal2™~ HI model mice,
with systemic administration to the pregnant mother mice of retinoid
or dexamethasone, which are effective treatments for neonatal HI and
neonatal respiratory distress, respectively [30]. Neither treatment was
effective on the skin phenotype, nor did either extend the survival of
the Abca12 ™~ mice [30]. Retinoids did not improve the phenotypes in
in vivo studies on cultured keratinocytes from the model mice, either
[41).

Disturbed differentiation of keratinocytes is seen in the lesional epi-
dermis, and the pathomechanisms for autosomal recessive congenital
ichthyosis due to ABCA12 deficiency are hypothetically explained by
the “differentiation defect theory.” Defective keratinocyte differentia-
tion in ABCA12-deficient ichthyosis is described in detail later (see
Section 7: ABCA12 and keratinocyte differentiation and apoptosis).

HI patients often die in the perinatal period. However, in most pa-
tients who survive beyond the neonatal period, the phenotype gradually
improves from a few weeks to several months after birth. To reveal the
mechanisms of phenotypic recovery, we investigated grafted skin and
keratinocytes from Abcal2-disrupted (Abcal2™~) mice [41]. We ob-
served remarkable improvements of all the abnormalities seen in the
model mice in Abca12~/~ skin grafts kept in a dry environment. The in-
creased transepidermal water loss due to barrier defect was dramatically
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mitigated in the grafted Abca12~~ skin kept in a dry environment. Ab-
normal ceramide distribution, defective differentiation-specific protein
expression and profilaggrin/filaggrin conversion were seen in the
primary-culture of Abcal2~~ keratinocytes, but these abnormalities
were resolved in ten-passage sub-cultured Abcal2™~ keratinocytes
[41]. These findings suggest that Abcal2~~ epidermal keratinocytes re-
store normal differentiation during maturation [41]. The exact mecha-
nisms of this restoration of keratinocyte differentiation remain to be
clarified, but the mitigation of keratinocyte differentiation defects may
give us a clue to novel therapies for the ichthyosis phenotype.

6. Lipid transport by ABCA12 in epidermal keratinocytes

For skin barrier function, extracellular lipids, including ceramides
and cholesterols, are considered to be essential [42]. ABCA12 is
expressed in almost the entire epidermis, but in normal human epider-
mis most of the expression is in the upper spinous and granular layers
[5]. We clarified that ABCA12 is localized in lamellar granules (LGs) in
the granular layer keratinocytes and suggested that ABCA12 works in
lipid transport via LGs, to form the intercellular lipid layers in the stra-
tum corneumn [4]. LGs are part of the continuous tubular network from
the Golgi apparatus to the cell membrane. Thus, we investigated the lo-
calization of ABCA12 in the epidermal keratinocytes in comparison with
the localization of Golgi apparatus markers, LG-associated proteins and
transglutaminase 1 [5]. We used antibodies against well-established
marker molecules of each part of the Golgi apparatus-LG-cell membrane
network, i.e. the GM130, anti-TGN-46 and anti-transglutaminase 1 anti-
bodies (B.C1), as markers for cis-Golgi, trans-Golgi and cell membrane,
respectively. The results clearly demonstrated that ABCA12 localizes
from the Golgi apparatus to LGs at the cell periphery in keratinocytes
of the upper epidermis. Our findings suggested that ABCA12 transports
lipids from the Golgi apparatus to LGs predominantly in the granular
layer cells [5]. Furthermore, double-labeling immunofluorescence stain-
ing apparently showed that ABCA12 is localized from the Golgi appara-
tus (overlapped staining with cis-Golgi marker GM130 and trans-Golgi
marker TGN-46) to the cell periphery (close to the plasma membrane
stained with cell membrane-bound transglutaminase 1) in cultured
keratinocytes. ABCA12 fails to colocalize with transglutaminase 1 both
in vivo and in cultured keratinocytes. Thus, ABCA12 is considered to be
present only very sparsely on the cell membrane [5].

In addition, double-labeling immunofluorescence staining demon-
strated that the majority of ABCA12 colocalizes with glucosylceramide
in the cytoplasm in the upper spinous and granular layer keratinocytes
[5]. Immunofluorescence staining of ultrathin cryosections apparently
showed that ABCA12 and glucosylceramide staining almost completely
overlap in the cytoplasm of granular layer keratinocytes [5]. Post-
embedding immunoelectron microscopy clarified that ABCA12 and
glucosylceramide localize in the limiting membrane and the lamellar
structure of LGs, respectively, in the uppermost granular layer
keratinocytes (Fig. 3) [5]. Under immunoelectron microscopy using
ultrathin cryosections, glucosylceramide immunogold labeling was
observed in the lamellar structures of the LGs. ABCA12 labeling was
seen on or close to the limiting membrane of LGs in the uppermost
granular layer keratinocytes [5].

From these findings, we hypothesize that ABCA12 is probably a
membrane lipid transporter within the limiting membrane of the
trans-Golgi network and LGs. ABCA12 may play a role in the transport
of lipids from the cytoplasm to the trans-Golgi network and LGs, where-
by the lipid is finally transported to the keratinocyte periphery via the
trans-Golgi network and LGs [4,5]. It was confirmed biochemically
that ABCA12 deficiency impairs glucosylceramide accumulation in la-
mellar granules and that ABCA12 transports glucosylceramide to the
inner side of lamellar granules [43]. Furthermore, it was reported that
ceramides up-regulate ABCA12 expression via PPAR delta-mediated
signaling pathway, providing a substrate-driven, feed-forward mecha-
nism for regulation of ABCA12 [44,45]. Ceramides increase the

Fig. 3. Postembedding immunoelectron microscopy with cryosubstitution, and
cryofixation on anti-ABCA12 antibodies. 5-nm gold labeling for ABCA12 (arrows) is seen
on the limiting membrane of lamellar granules in the cytoplasm of the granular layer
keratinocytes (adapted from Reference No. [5]).

expression of PPARS, but not of other PPARs or LXRs [44], although
PPARB/6, PPARy and LXR activators all stimulate ABCA12 expression
in human keratinocytes dose- and time-dependently [46].

7. ABCA12 and Kkeratinocyte differentiation and apoptosis

Recently, ABCA12 has been widely accepted as a keratinocyte differ-
entiation marker. It was reported that the PPAR« agonists clofibrate,
docasohexaenoic acid and WY-14,643 produce mild to moderate
keratinocyte hyperplasia, increased stratification (particularly of the
granular and cornified layers) and elevated levels of differentiation
markers including ABCA12 [47]. Furthermore, a 3.7-kilobase non-
coding RNA called terminal differentiation-induced non-coding RNA
(TINCR) was reported to control human epidermal differentiation in a
post-transcriptional manner [48]. TINCR is required for high messenger
RNA abundance of key differentiation genes, including ABCA12 [48].
Non-coding double-strand RNA was reported to induce TLR3-
dependent increased expression of ABCA12 in human keratinocytes,
resulting in increased epidermal lipid and lamellar bodies [49]. Non-
coding double-strand RNA can stimulate some events in keratinocyte
differentiation that are important for skin barrier repair and mainte-
nance via ABCA12 upregulation [49].

Conversely, ABCA12 deficiency is suggested to lead to differentiation
defects in keratinocytes. Fetuses affected with HI start developing their
ichthyotic phenotypes while in the amniotic fluid, where the barrier
function of the stratum corneum is not required. In light of this, barrier
defects might not be involved directly in the pathogenesis of the HI phe-
notype, at least during the fetal period. Thus, in the “differentiation de-
fect theory” of HI pathogenesis, disturbed keratinocyte differentiation is
speculated to play a key role in the formation of the HI skin lesions. In-
deed, three-dimensional culture studies of the epidermal keratinocytes
have revealed that HI keratinocytes differentiate poorly, judging from
morphologic criteria, and show reduced expression of keratin 1 and de-
fective conversion from profilaggrin to filaggrin [50].

The expression of keratinocyte late-differentiation-specific mol-
ecules is dysregulated in an ABCA12-ablated organotypic co-culture
system, which is an in vitro model of HI skin lesions [51]. In addition,
mutant mice carrying a homozygous spontaneous missense muta-
tion showed that loss of Abca12 function leads to the premature dif-
ferentiation of basal keratinocytes [32]. In contrast, in our Abca12 ™/~
HI model mice, immunofluorescence and immunoblotting studies
demonstrated defective profilaggrin/filaggrin conversion and re-
duced expression of the differentiation-specific molecules loricrin,
kallikrein 5 and transglutaminase 1 in Abca12™~ neonatal epider-
mis, although their mRNA expression was up-regulated [41]. The
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Fig. 4. Epidermal keratinocytes in HI patient’s skin frequently show apoptosis. The nuclei of the granular-layer keratinocytes are condensed (b, white arrows) in the HI patient's epidermis.
The nuclei are positive TUNEL labeling (d, white arrows). Condensed, apoptotic nuclei are rare in the control normal epidermis (a, ¢) (adapted from Reference No. [53]).

mechanism by which these abnormalities occur in HI keratinocytes
is still unknown. They might be the direct consequence of a lack of lipids
required for intact LG formation, leading to the disturbed secretion of
LG-associated enzymes, or they might be caused by abnormal lipid ac-
cumulation that activates certain cell signaling pathways, resulting in
the aberrant keratinocyte differentiation [52].

Furthermore, we have suggested that keratinocyte apoptosis is in-
volved in the pathomechanisms of HI [53] (Fig. 4). Defective lipid trans-
port due to loss of ABCA12 function leads to the accumulation of
intracellular lipids, including glucosylceramides and gangliosides
[4,43]. Studies by Wang et al. [54] and Sun et al. [55] showed that the el-
evation of ganglioside levels in the keratinocytes leads to their apopto-
sis. In this context, we speculate that the accumulation of gangliosides
results in the apoptosis of Abcal2™~ keratinocytes. In addition, we
have demonstrated that the AKT signaling pathway helps Abca12™/~
keratinocytes to survive during keratinization [53]. We also revealed
that PPARS and RXRa are candidate anti-apoptotic molecules in
Abca12~/~ keratinocytes [53].

In light of the various data, it is probable that the differentiation de-
fects and apoptosis of ABCA12 deficient keratinocytes are secondary to
the primary lipid abnormalities due to disturbed lipid transport caused
by ABCA12 deficiency.
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SIR,

Erythrokeratodermia variabilis (EKV; OMIM 133200) is a rare autosomal dominant
disorder characterized by migratory erythematous areas and fixed keratotic plaques.
GJB3 and GJB4, which encode connexin 31 (Cx31) and Cx30.3, respectively, are
causative genes for EKV'? and nonsyndromic hearing loss. Here, we report a single
novel mutation of GJB3, p.Thr202Asn, in the M4 transmembrane domain in a Japanese
family suffering from EKV. In addition, we review the literature and characterize the
possible genotype—phenotype correlations for GJB3 mutations. Specifically, missense
mutations, other than those in the second extracellular loop (E2) domain, are associated
with EKV, and those in the E2 domain underlie autosomal dominant nonsyndromic

hearing loss (ADNSHL).

A 17-year-old girl presented with palmoplantar keratoderma (PPK), which has been
noted since infancy. Physical examination showed variably sized and irregularly shaped
erythema with scaling on the trunk and the extremities (Fig. 1a). These lesions were
transient, but reappeared repeatedly. Notable PPK was also observed (Fig. 1b). She had
no hearing loss and refused to undergo hearing tests. Histological examination showed
hyperkeratosis with intact granular layers. Her paternal grandfather, father, and sister
showed similar clinical features (Fig. 1c). Clinical and histological features supported
the diagnosis of EKV.

After ethical approval was granted, written informed consent was obtained from the
participants in compliance with the Declaration of Helsinki. The coding regions,
including the exon—intron boundaries of GJ/B3 and GJB4, were amplified by PCR from

genomic DNA obtained from the participants, as described previouslyl’z. The mutation
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analysis revealed that the proband, her father, and her sister harboured the heterozygous
mutation p.Thr202Asn (c.605C>A) in GJB3, while her mother did not (Fig. 1d).
MutationTaster (http://www.mutationtaster.org/) predicted that p.Thr202Asn was a
disease-causing allele. p.Thr202Asn is not reported in the Exome Sequencing Project of
the Human Genetic Variation Browser (http://www.genome.med.kyoto-u.ac.jp/SnpDB/),
which is a database of genetic variants in more than 1,400 Japanese individuals. Thus,
the proband and the affected family members were diagnosed as having EKV with the

heterozygous GJB3 mutation.

Connexins (Cxs) are highly homologous and comprise a large gene family encoding
plasma membrane proteins®. Cxs contain four transmembrane domains linked by one
cytoplasmic and two extracellular loops; N- and C-termini are located on the
cytoplasmic side (Fig. 2). The transmembrane domains bear conserved amino acids,
whereas the cytoplasmic loop and the C-terminal region are highly variable among Cxs.
Cxs are assembled in groups of six to form hemichannels in the plasma membrane, and
two hemichannels of adjacent cells then combine to form a gap junction. Various Cxs

combine into homomeric and heteromeric gap junctions.

Cx31 is expressed in the upper differentiating epidermal 1ayers4. In addition to the
epidermis, it is expressed in the cochlea, and some mutations are involved in hearing
loss without obvious cutaneous phenotypes’. Figure 2 summarizes the GJB3 missense
mutant alleles reported thus far, including the present case, and their associations with
EKYV or ADNSHL, according to the Human Gene Mutation Database

(http://www.hgmd.cf.ac.uk/ac/index.php) of the Institute of Medical Genetics in Cardiff,
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UK. p.Thr202Asn is the first autosomal dominant missense mutation reported in the M4
domain; it was the only remaining domain of Cx31 for which no pathogenic autosomal
dominant mutations were reported (Fig. 2). Interestingly, all missense mutations in any
domain other than E2 were associated with EKV. In contrast, all missense mutations in
the E2 domain were associated with ADNSHL. Supplementary Figure S1 shows the
sequence alignment of the E2 domain for diverse vertebrate species. p.174Val, p.177Tyr,
and p.183Glu are conserved among vertebrate species, but p.166Asn is not. Based on a
review of GJB3-associated autosomal recessive nonsyndromic hearing loss, G/B3
missense mutations have been reported that are not located in the E2 domain

(http://www.hgmd.cf.ac.uk/ac/index.php).

We assume different pathogenic mechanisms determine the phenotypes associated with
GJB3 dominant missense mutations in the E2 domain and those outside the E2 domain.
The E1 domain is important for the formation of the gap junction channel and the E2
domain is important for docking compatibility in heterotypic channels in many
members of the connexin fami1y3. Indeed, one of the missense mutations in the E2
domain of Cx31 reportedly has no effect on the function of wild-type Cx31, but
interferes with Cx26 function®. Of all Cxs, malfunction of Cx26 results in hearing loss
most frequently7. In this context, we suspect that G/B3 dominant missense mutations in
the E2 domain might cause hearing loss via dysfunction of Cx26.

In summary, to our knowledge, we have identified the first G/B3 dominant pathogenic
missense mutation in the M4 transmembrane domaini As was the case for other G/B3
dominant pathogenic missense mutations outside the E2 domain, the mutation led to the

EKY phenotype in the patient’s family. Our results, combined with a literature review,
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suggested that G/B3 dominant missense mutations outside the E2 domain are associated

with EKV and those within the E2 domain cause ADNSHL.
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Figure legends

Fig. 1 Clinical features of the proband, pedigree of the family, sequence data for GJB3,

and conservation analysis of the mutated amino acid of Cx31
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(a) Persistent indurated erythematous plaques on the lower limbs. (b) Hyperkeratotic
skin on the soles. (c) Pedigree of the proband’s family. (d) Sequence of GJB3 for the
proband and control. Prob. and Cont. indicate proband and control, respectively.

Fig. 2 Reported causative dominant pathogenic missense mutations for EKV and
ADNSHL in Cx31.

Only dominant missense mutations in the E2 domain underlie ADNSHL (blue circles),
and all dominant pathogenic missense mutations outside the E2 domain cause EKV (red
circles and asterisk). Residues at the boundaries between the functional domains are
indicated by green numbers.

M1-M4, transmembrane domains 1-4; E1 and E2, extracellular domains 1 and 2,
respectively; CL, cytoplasmic loop; red circles, causative mutations of EKV; red
asterisk, the causative mutation of EKV from the current study; blue circles, causative

mutations of ADNSHL.
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