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Harlequin	ichthyosis	(HI)	is	a	devastating	skin	disorder	with	an	unknown	underlying	cause.	Abnormal	
keratinocyte	lamellar	granules	(LGs)	are	a	hallmark	of	HI	skin.	ABCA12	is	a	member	of	the	ATP-binding	cas-
sette	transporter	family,	and	members	of	the	ABCA	subfamily	are	known	to	have	closely	related	functions	as	
lipid	transporters.	ABCA3	is	involved	in	lipid	secretion	via	LGs	from	alveolar	type	II	cells,	and	missense	muta-
tions	in	ABCA12	have	been	reported	to	cause	lamellar	ichthyosis	type	2,	a	milder	form	of	ichthyosis.	Therefore,	
we	hypothesized	that	HI	might	be	caused	by	mutations	that	lead	to	serious	ABCA12	defects.	We	identify	5	
distinct	ABCA12	mutations,	either	in	a	compound	heterozygous	or	homozygous	state,	in	patients	from	4	HI	
families.	All	the	mutations	resulted	in	truncation	or	deletion	of	highly	conserved	regions	of	ABCA12.	Immuno-
electron	microscopy	revealed	that	ABCA12	localized	to	LGs	in	normal	epidermal	keratinocytes.	We	confirmed	
that	ABCA12	defects	cause	congested	lipid	secretion	in	cultured	HI	keratinocytes	and	succeeded	in	obtaining	
the	recovery	of	LG	lipid	secretion	after	corrective	gene	transfer	of	ABCA12.	We	concluded	that	ABCA12	works	as	
an	epidermal	keratinocyte	lipid	transporter	and	that	defective	ABCA12	results	in	a	loss	of	the	skin	lipid	barrier,	
leading	to	HI.	Our	findings	not	only	allow	DNA-based	early	prenatal	diagnosis	but	also	suggest	the	possibility	
of	gene	therapy	for	HI.

Introduction
During the evolutionary process, when our ancestors left the safety 
of the aquatic environment, they developed a robust, protective 
mechanism or process in the skin that allowed adjustment to the 
new, dry environment; this is now known as keratinization. In 
humans, congenital defects involving skin keratinization cause a 
unique genodermatosis, ichthyosis (1, 2), which was named after 
the Greek word ichthys, meaning fish. Among the variety of types 
of ichthyosis, harlequin ichthyosis (HI) (Mendelian Inheritance of 
Man [MIM] 242500) is the most serious subtype (Figure 1); it is also 
the most severe congenital skin disorder of unknown etiology.

ABCA12 belongs to a large superfamily of ATP-binding cassette 
(ABC) transporters, which aid in the transport of various biomol-
ecules across the cell membrane (3–5). The ABCA subfamily is 
thought to be important in lipid transport (6). ABCA12 is phylo-
genetically related to ABCA3, which is essential for alveolar surfac-
tant lipid transport/secretion by lamellar granules (LGs) in type 
II alveolar lung cells. In skin, LGs are the most common secretory 
granules present in upper epidermal keratinocytes (7). Abnormal 
LGs are the most obvious characteristic findings in HI lesional 
epidermis. Furthermore, relatively minor missense mutations in 
ABCA12 have been reported to underlie type 2 lamellar ichthyosis 
(MIM 601277), a milder form of ichthyosis (8). Thus, we hypoth-

esized that ABCA12 mutations leading to serious ABCA12 protein 
defects might underlie HI.

In the present study, we demonstrate that ABCA12 works as 
an epidermal keratinocyte lipid transporter and that defective 
ABCA12 results in a loss of the skin lipid barrier, leading to HI. We 
have found 5 distinct truncation, deletion, or splice-site mutations	
in 4 independent HI families. These mutations were present on 
both alleles of our HI patients, either in compound heterozygous 
or homozygous state. We demonstrate that ABCA12 mRNA is 
expressed in normal human keratinocytes and that this expression 
is upregulated during keratinization. Our immunoelectron micro-
scopic findings showed that ABCA12 protein localizes to LGs in 
the upper epidermal keratinocytes of human skin. Ultrastructural 
and immunofluorescent examination of human skin and cultured 
epidermal keratinocytes from HI patients who harbor ABCA12 
mutations revealed defective lipid secretion of LG lipid contents. 
In addition, using ABCA12 corrective gene transfer in cultured HI 
keratinocytes, we have succeeded in restoring the normal ability of 
HI cells to secrete LG lipid.

Results
ABCA12 expression and localization in epidermal keratinocytes.  To 
confirm the expression of ABCA12 mRNA in human epidermal 
keratinocytes, we performed semiquantitative RT-PCR assays and 
demonstrated strong expression of ABCA12 transcripts in cultured 
normal epidermal keratinocytes. To investigate the upregulation 
of ABCA12 during keratinization under high-Ca2+ conditions, we 
evaluated the ABCA12 transcript population against the GAPDH 
transcript using real-time RT-PCR. Calculation of the expres-
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sion ratios showed that ABCA12 transcription was upregulated  
4-fold after 1 week in high-Ca2+ culture. Furthermore, to confirm 
the expression of ABCA12 protein in the epidermis, we raised a 
polyclonal anti-ABCA12 antibody that recognizes an epitope near 
the C terminus of the ABCA12 polypeptide (residues 2567–2580) 
and performed immunostaining for ABCA12. ABCA12 was posi-
tive in the upper epidermal layers, mainly the granular layers, of 
normal human skin (Figure 2A); in contrast, there was an absence 
of immunolabeling in epidermal keratinocytes from HI patient 4 
(Figure 2B), who harbors the homozygous truncation mutation 

R434X (see below). This mutation resulted in truncation of the pro-
tein, leading to loss of the epitope for	the anti-ABCA12 antibody. 
These findings confirmed specificity of the anti-ABCA12 antibody. 
In the epidermis of patient 1, who harbors a homozygous splice 
acceptor site	mutation IVS23-2A→G (see below), weak ABCA12 
immunostaining was seen in the granular layer keratinocytes (Fig-
ure 2C). Immunoelectron microscopy revealed that ABCA12 pro-
tein was restricted to the LGs in the cytoplasm of epidermal kerati-
nocytes (Figure 2, D and E). ABCA12-positive LGs were abundant 
close to the cell membrane and were observed fusing with the cell 
membrane to secrete their lipid content to the extracellular space 
of the stratum corneum (Figure 2F). These results indicate that 
ABCA12 is expressed in keratinocytes during keratinization and is 
likely to be involved in lipid transport into the extracellular space 
via LGs to form the stratum corneum lipid barrier (Figure 2G).

ABCA12 mutations in HI families. Full-length ABCA12 protein 
comprises 2595 amino acids and includes 2 ABCs containing 3 
characteristic, highly conserved motifs (Walker A, Walker B, and 
active transport signature). In addition, there are 2 transmembrane 
domains, each consisting of 6 hydrophobic membrane-spanning 
helices. Mutational analysis of the 53 exons, including the exon-
intron boundaries of the entire ABCA12 gene, revealed 5 novel, dis-
tinct mutations in both alleles, either in compound heterozygous 

Figure 1
Clinical features of HI patients. (A) Patient 1 from family A harbor-
ing a homozygous mutation IVS23-2A→G in ABCA12. (B) Patient 
2 from family B with compound heterozygous ABCA12 mutations, 
IVS23-2A→G and 5848C→T (R1950X). (C) Patient 3 (family C) car-
rying compound heterozygous ABCA12 mutations, 2021_2022del AA 
and 4158_4160delTAC (T1387del). (D) An affected fetus from fam-
ily C aborted at 23 weeks’ gestation showed no serious symptoms, 
although some abnormal keratinization was observed mainly on the 
cheeks and the perioral area.

Figure 2 
Localization and structure of ABCA12 protein and the 
sites of HI mutations. (A) ABCA12 protein (green) 
was localized in the cytoplasm of the upper epidermal 
keratinocytes (arrows) in healthy skin. (B) No ABCA12 
immunolabeling was seen in the epidermis of patient 
4. (C) Weak ABCA12 staining (arrows) was observed 
in the epidermis of patient 1. Asterisks indicate non-
specific staining in the stratum corneum. Red, nuclear 
counterstain. Scale bar: 10 mm. (D–F) By immuno-
electron microscopy, ABCA12 protein (5 nm gold 
particles) was restricted to LGs (arrows) in the upper 
epidermal cell (D). Lamellar structures were apparent 
in some ABCA12-positive LGs (E). ABCA12-positive 
LGs (arrows) were observed close to the keratinocyte-
cell membrane (white circles) and they fused with it to 
secrete their contents into the intercellular space (F). 
Scale bars: 0.2 mm. (G) Model of ABCA12 function 
in the skin. ABCA12 transports lipid into the LG, and 
ABCA12-positive LGs fuse with the cell membrane to 
secrete lipid into extracellular space to form the inter-
cellular lipid layer. (H) Structure of ABCA12 protein 
and the 5 mutation sites (red arrows) in HI families. 
Dark-blue area, cell membrane; bottom of dark-blue 
area, cytoplasmic surface.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 115      Number 7      July 2005  1779

or homozygous state, in all patients from 4 HI families (Figure 
2H). The mutations in patients were homozygous in the 2 consan-
guineous families and compound heterozygous in the 2 noncon-
sanguineous families (Figure 3). The mutations were verified in 
the heterozygous parents. Each of the three mutations, 1300C→T  
(R434X), 2021_2022delAA, and 5848C→T (R1950X), resulted in 
truncation of a highly conserved region of the ABCA12 protein. The 
deletion mutation 4158_4160delTAC led to an in-frame deletion 
of a highly conserved threonine residue at codon 1387 (T1387del) 
within the first ATP-binding domain of the ABCA12 protein (Fig-
ure 4D). A splice acceptor site mutation, IVS23-2A→G, was verified 
by RT-PCR in mRNA from the patient’s cultured keratinocytes 
(Figure  4,  A–C).  RT-PCR  products  from  the  patient  showed  2 
splice pattern variants different from the normal splicing variant 
in which 1 mutant transcript loses a 
9-bp sequence from exon 24, which 
results in a 3–amino acid deletion	
(Y1099_K1101del). These 3 amino 
acids are located between the trans-
membrane domains and are highly 
conserved  (Figure  4D).  The  other 
mutant  transcript  lost  a  170-bp 
sequence from exon 24, which led to 
a frameshift. All of these mutations 
are thought to seriously affect either 
the function or specific critical struc-
tures of the ABCA12 protein.

Disturbed lipid secretion in epidermis of 
HI patients. Morphological observa-
tions revealed extraordinarily thick 
stratum corneum (Figure 5A) and 
abnormal LG secretion in keratino-
cytes of the epidermis of HI	patients 
(Figure 5, C and E). Ultrastructur-
ally, the cytoplasm in the stratum 
corneum was congested with abnor-
mal lipid-containing droplets and 
vacuoles that resembled immature 
LG-like vesicles. In the keratinocyte 
cytoplasm of the granular layer, no 
normal LGs were apparent.

Immunof luorescent  staining 
showed  that  glucosylceramide,  a 
major lipid component of LG (7, 9) 
and an essential component of the 
epidermal permeability barrier (10), 
was diffusely distributed through-
out  the  epidermis  of  HI  patients 
(Figure  5G);  this  contrasts  with 
the restricted, intense distribution 
in the stratum corneum of healthy 
skin (Figure 5H).

Abnormal lipid secretion in kerati-
nocytes of HI patients and recovery of 
ABCA12 function by corrective gene 
transfer. Keratinocytes from patient 
1, cultured under high-Ca2+ condi-
tions  (2.0 mM), expressed only a 
small amount of mutated ABCA12 
protein (Figure 6J). Culture of HI 

keratinocytes under high-Ca2+ conditions (2.0 mM) induced a 
large number of cells to exhibit intense glucosylceramide stain-
ing around the nuclei, and this glucosylceramide failed to localize 
to the periphery of the keratinocyte cytoplasm (congested pat-
tern) (Figure 6, A and C). Conversely, culture of healthy kerati-
nocytes in high-Ca2+ conditions resulted in a large proportion 
of cells with diffuse glucosylceramide staining throughout the 
cytoplasm (widely-distributed pattern) (Figure 6, B and D). This 
difference was most pronounced after 1 week in culture (Figure 
6, C and D). Electron microscopic observation of HI keratino-
cytes cultured for 1 week in high-Ca2+ conditions revealed that 
LGs formed, although proper secretion of their contents was 
not observed (Figure 6E). This finding suggests defects in LG 
lipid transport. Double immunostaining for ABCA12 protein 

Figure 3 
Families with HI and ABCA12 mutations. (A) Patient 1 from family A was a homozygote for the muta-
tion IVS23-2A→G, and both his parents were heterozygous carriers. (B) Patient 2 from family B was a 
compound heterozygote for the mutations IVS23-2A→G and 5848C→T (R1950X). (C) Patient 3 from 
family C was a compound heterozygote for the mutations 2021_2022delAA and 4158_4160delTAC 
(T1387del). (D) Patient 4 from family D was a homozygote for the mutation 1300C→T (R434X), and 
her 2 parents were heterozygous carriers.
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and glucosylceramide clearly demonstrated that, before genetic 
correction of ABCA12, keratinocytes from patient 1 with a low 
expression of mutated ABCA12 protein showed a congested glu-
cosylceramide distribution pattern (Figure 6, J–L). After genetic 
correction, however, the HI patient’s keratinocytes, now express-
ing normal ABCA12, showed a normal, widely-distributed pattern 
of glucosylceramide staining (Figure 6, M–O). Corrective ABCA12 
gene transfer into cultured HI keratinocytes resulted in a signifi-
cant increase in number of cells exhibiting the widely-distributed 
pattern of glucosylceramide staining from 6.98% ± 3.33% (con-
trol nontransfected patients’ cells) to 16.70% ± 2.14 % (transfected 
patients’ cells) (Student’s t test, P < 0.02) (Figure 6P). These results 
clearly indicate that an ABCA12 deficiency leads to defective LG 
lipid transport into the intercellular space in HI patients, both in 
the epidermis and in cultured keratinocytes.

Discussion
An abnormal synthesis or metabolism of the LG lipid contents 
was previously suspected as being a possible pathogenetic mecha-
nism underlying HI (11, 12). Here, we demonstrate that a severe 
ABCA12 deficiency causes defective lipid transport via LG in kera-
tinizing epidermal cells, resulting in the HI phenotype.

The ABC transporter superfamily is one of the largest gene fam-
ilies, encoding a highly conserved group of proteins involved in 
energy-dependent active transport of a variety of substrates across 
membranes, including ions, amino acids, peptides, carbohydrates, 
and lipids (3–5, 13). ABC transporters have nucleotide-binding 

folds located in the cytoplasm and utilize energy from ATP to 
transport substrates across the cell membrane (3–5). ABC genes are 
widely dispersed throughout the eukaryotic genome and are highly 
conserved between species (6). The ABCA subfamily, of which the 
ABCA12 gene is a member, comprises 12 full transporter proteins 
and 1 pseudogene (ABCA11). The ABCA subclass has received 
considerable attention (14) because mutations in these genes have 
been implicated in several human genetic diseases (15–19).

The ABCA1 protein is mutated in the following recessive dis-
orders involving cholesterol and phospholipid transport: Tangier 
disease (MIM 205400), familial hypoalphalipoproteinemia (MIM 
604091), and premature atherosclerosis, depending on the site of 
the mutations in the protein (17–19). The ABCA4 protein is mutat-
ed in Stargardt disease (MIM 248200) as well as in some forms of 
autosomal recessive retinitis pigmentosa (MIM 601718) and in the 
majority of cases of autosomal recessive cone-rod dystrophy (MIM 
604116), depending on the mutation site or the combination of 
mutation types (15, 20). Heterozygous mutations in ABCA4 have 
also been implicated in some cases of macular degeneration (MIM 
153800) (16, 20). In a relatively mild type of congenital ichthyosis 
(lamellar ichthyosis type 2), 5 ABCA12 mutations were reported 
in 9 families, and all 5 of these mutations were missense muta-
tions that resulted in only 1 amino acid alteration (8). In the pres-
ent series of HI patients, no ABCA12 missense mutations were 
identified, and most of the defects led to severe truncation of the 
ABCA12 peptide, affecting important nucleotide-binding fold 
domains and/or transmembrane domains. The other, nontrun-

Figure 4 
Verification of splice-site mutation IVS23-2A→G and conservation of residues deleted by mutations IVS23-2A→G and 4158_4160delTAC 
(T1387del). (A) RT-PCR analysis of mRNA fragments around the exon 23–24 boundary indicated that keratinocytes from patient 1 (lane P) 
showed 2 different mutant transcripts, 674 bp and 513 bp, which were shorter than the control transcript (683 bp) from healthy human kera-
tinocytes (lane C). Lane M, markers. (B) Sequencing of the mutant transcripts and the control transcript revealed that 9 nucleotides and 170 
nucleotides were deleted in mutant transcripts. (C) A 9-nucleotide deletion resulted in the loss of 3 amino acids from the N terminal sequence of 
exon 24 (Y1099_K1101del), and the 170-nucleotide deletion led to a frameshift. (D) ABCA12 amino acid sequence alignment shows the level of 
conservation in diverse species of the amino acids, Y1099_K1101 and T1387 (red characters), which were deleted by mutations in HI families. 
Asterisks indicate ABC (abt-4).
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cation mutations in HI were deletion mutations affecting highly 
conserved ABCA12 sequences (Figure 4D). Thus, it is thought that 
only truncation or conserved region deletion mutations that seri-
ously affect the function of the ABCA12 transporter protein lead 
to the HI phenotype. This is in contrast with diseases caused by 
mutations in other members of the ABCA family. Of ABCA4 muta-
tions causing Stargardt disease, 80% were missense, and many of 
these occurred in conserved domains of ABCA4 (21). Of ABCA1 
mutations resulting in Tangier disease, 60% were missense, locat-
ed within the conserved domains of ABCA1 (22). In this context, 
ABCA12 mutations underlying HI are unique in that these muta-
tions are restricted to truncation or deletion mutations.

Patient 1 was homozygous for the splice acceptor site mutation 
IVS23-2A→G. This splice-site mutation was shown to lead to com-
parable amounts of 2 predicted transcripts, an inframe deletion 
of 3 amino acids, and a transcript with a 170-nucleotide deletion 
(frameshift) (Figure 4, A–C). Thus, it is still possible that patient 1 
expresses some mutated ABCA12 protein. Indeed, expression of a 
small amount of ABCA12 protein, although mutated, was detect-
ed in the granular cells of the patient’s epidermis and cultured 
keratinocytes by immunofluorescent staining (Figures 2C and 6J). 

This might have some relevance to the fact that patient 1 survived 
infancy and is still alive.

ABCA1 and ABCA4 are suspected transmembrane transporters 
for intracellular cholesterol/phospholipids (23–25) and proton-
ated N-retinylidenephosphatidylethanolamines (26), respective-
ly. ABCA2, ABCA3, and ABCA7 mRNA levels have been reported 
to be upregulated by sustained cholesterol influx mediated by 
modified low-density lipoprotein (27, 28), suggesting that ABCA 
transporters are involved in transmembrane transport of endog-
enous lipids (23–26). Keratinocyte LGs are known lipid-trans-
porting granules, and LG contents are secreted into the inter-
cellular space, forming an intercellular lipid layer between the 
granular layer cells and keratinized cells in the stratum corneum, 
which is essential for the proper barrier function of human skin. 
Our results indicate that ABCA12 functions in the transport of 
endogenous lipid across the keratinocyte cell membrane into 
the stratum corneum intercellular space via LGs. Immunohis-
tological and immunoelectron microscopic observations have 
indicated that ABCA3 is involved in lipid secretion of pulmo-
nary surfactant in human lung alveolar type II cells (29). ABCA3 
and ABCA12 are very closely related in the ABCA subfamily phy-
logenetic tree (30). It is interesting that the functions of both 
ABCA3 and ABCA12 are  involved  in alveolar  surfactant and 
stratum corneum lipid secretion, respectively. This suggests that 
these 2 transporter systems are evolutionary adaptations to aid 
the respiratory system and the integument in a dry environment, 
developed as vertebrates left the aquatic environment and began 
terrestrial lives. HI skin that harbors serious defects in ABCA12 
highlights the important role(s) of epidermal lipid transport in 
adapting human skin to a terrestrial, dry environment.

HI is one of the most severe of all genodermatoses and has a very 
poor prognosis. Thus, parents’ request for prenatal diagnosis is to 
be taken seriously and with care. However, to our knowledge, the 
causative gene was not identified until now. For the last 20 years, 
prenatal diagnoses have only been performed by electron micro-
scopic observation of fetal skin biopsy at a late stage of pregnancy 
(19–23 weeks estimated gestational age) (31–33). In this report, we 
have identified the causative gene in HI, which now makes possible 
DNA-based prenatal diagnosis using chorionic villus or amniotic 
fluid sampling at an earlier stage of pregnancy, with a lower proce-
dural risk and a reduced burden on prospective mothers, similar to 
that of screening for other severe genetic disorders, including kera-
tinization disorders (34). Furthermore, we have performed correc-

Figure 5 
Extremely thick stratum corneum and severe disruption of the secre-
tion of LGs in the ABCA12-deficient skin of the present series of HI 
patients. (A) Strikingly thick stratum corneum (SC; double arrow) in the 
patient’s skin. (B) Control epidermis showing normal, stratum corneum 
(arrow). (C) By electron microscopy, LG secretion was disturbed, and 
many abnormal immature (lacking proper lamellar structures) LGs 
(arrows) were observed in the keratinocytes. (D) In control skin, LGs 
(arrows) were distributed in a gradually increasing pattern toward the 
plasma membrane. (E) Abnormal HI LGs (arrows) were localized close 
to the cell membrane, but not secreted. (F) LGs were secreted into 
the extracellular space (arrows). (G) Patient’s epidermis including stra-
tum corneum (arrows) showed diffuse staining for glucosylceramide 
(green), a lipid component of LGs. (H) Glucosylceramide staining 
(green) was restricted and intense in the stratum corneum (arrows) of 
normal skin. Red, nuclear stain. Scale bars: 50 mm (A, B, G, H); 1 mm 
(C, D); 0.5 mm (E, F).
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tive gene transfer in HI keratinocytes and succeeded in obtaining 
phenotypic rescue of a patient’s cultured keratinocytes. These data 
provide significant clues that establish a strategic approach to HI 
gene therapy treatment. We believe that the genetic information 
presented in this study will be highly beneficial to our understand-
ing of HI pathogenesis and in optimizing HI patient diagnosis, 
genetic counseling, care, and treatment.

Methods
Patients and families. Four HI patients, patients 1–4, and 1 affected fetus, 
fetus 1 (4 males, 1 female), from 4 independent families, families A–D, 
showed a serious collapse in the keratinized skin barrier (Figure 1). Family 
A and family D were consanguineous (marriage of first cousins). All the 
patients showed severe hyperkeratosis at birth and presented with general-
ized, thick scales over their entire body surface with the presence of marked 
fissuring. Severe ectropion, eclabium, and malformed pinnae were appar-
ent in all cases. Patient 2 from family B died 3 days after birth. Patient 3 
from family C died 15 days after birth, and an affected fetus from family C 
was terminated at the parents’ request after a positive prenatal diagnostic 
skin test (33). After written, informed consent was obtained, blood samples 
were collected from each participating family member, and skin biopsy or 
autopsy specimens were obtained from the patients and the affected fetus. 
The study was given appropriate ethical approval by the Ethics Committee 
at Hokkaido University Graduate School of Medicine.

Mutation screening. Mutation analysis was performed in patients, an 
affected fetus, and other family members in the 4 families, as far as DNA 
samples would allow. Briefly, genomic DNA isolated from peripheral blood 
was subjected to PCR amplification, followed by direct automated sequenc-
ing using an ABI PRISM 3100 genetic analyzer (Applied Biosystems). Oli-
gonucleotide primers and PCR conditions used for amplification of exons 
1–53 of ABCA12 were originally derived from the report by Lefèvre et al. (8) 
and were partially modified for the present study. The entire coding region, 
including the exon/intron boundaries for both forward and reverse strands 
from all patients, family members, and controls, were sequenced. No muta-
tions were found in 100 control alleles from the Japanese population.

Verification of the splice acceptor site mutation. In order to verify the splice 
acceptor site mutation IVS23-2A→G, RT-PCR amplification of mRNA 
spanning the exon 23–24 boundary was performed using mRNA samples 
from cultured HI keratinocytes (see below). After RT-PCR amplification, 
direct sequencing of the products was performed.

Establishment of HI keratinocyte cell culture. A skin sample from patient 1 was 
processed for primary keratinocyte culture, and cells were grown according to 
standard procedures in defined keratinocyte serum-free medium (Invitrogen 
Corp.). Cultures were grown for several passages	in low-Ca2+ (0.09 mM) con-
ditions and then switched to high-Ca2+ (2.0 mM) conditions.

RT-PCR of ABCA12 mRNA. RT-PCR of ABCA12 mRNA was performed 
with  Superscript  2  (Invitrogen  Corp.)  following  the  manufacturer’s 

Figure 6 
Cultured HI keratinocytes carrying ABCA12 mutations showed abnor-
mal congestion of lipid, and this phenotype was recovered by correc-
tive ABCA12 gene transfer. (A–D) HI keratinocytes cultured in high 
Ca2+ conditions showed that glucosylceramide, a major component 
of LG lipid, was distributed densely around the nuclei (in a congested 
pattern) (green, FITC). Control normal human keratinocytes showed a 
widely distributed, diffuse glucosylceramide staining pattern. (E) Elec-
tron microscopic (EM) observation revealed, in cultured HI keratino-
cytes, that apparently amorphous, electron lucent LG-like structures 
(arrows) formed, but were not secreted. (F) Normal secretion of LG 
contents (arrow) in a control keratinocyte. (G–O) Before genetic cor-
rection, an HI patient cell showed weak ABCA12 immunostaining (red, 
TRITC) and a congested pattern of glucosylceramide staining (green, 
FITC) (J–L). After genetic correction, an HI patient cell demonstrated 
stronger ABCA12 labeling (red) and a normal distribution pattern of 
glucosylceramide (green) (M–O), similar to those of a normal human 
keratinocyte (G–I). (P) Corrective gene transfer resulted in a statisti-
cally significant increase in the number of cells with completely nor-
mal, widely distributed glucosylceramide patterns. *P < 0.02, Student’s  
t test. Scale bars: 10 mm (A–D, G–O); 0.5 mm (E, F).
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instructions. Specific primers for PCR amplification were as follows: for-
ward 5′-GAATTGCAAACTGGAAGGAACTCCC-3′ and reverse 5′-GAGT-
CAGCTAGGATTAGACAGC-3′. These primers were used for amplification 
of a 683-bp fragment around exon 23–24 boundary of normal cDNA.

Real time-PCR. For quantitative analysis of ABCA12 expression levels, total 
RNA extracted was subjected to real-time RT-PCR using the ABI PRISM 
7000 sequence detection system (Applied Biosystems). Specific primers/
probes for human ABCA12, TaqMan Gene Expression Assay (HS00292421; 
Applied Biosystems) were used. Differences between the mean CT values 
of ABCA12 and those of GAPDH were calculated as ∆CTsample = CTABCA12 
– CTGAPDH and those of the ∆CT for the cultured keratinocytes in the low 
Ca2+ condition as (∆CTcalibrator = CTABCA12 – CTGAPDH). Final results, the sam-
ple-calibrator ratio, expressed as n-fold differences in ABCA12 expression 
were determined by 2–(∆CTsample – ∆CTcalibrator).

Cloning of ABCA12 and corrective gene transfer of HI keratinocytes. Using 
human keratinocyte cDNA as a template, overlapping clones of human 
ABCA12 cDNA were amplified by PCR. A composite full-length cDNA was 
constructed, subjected to nucleotide sequencing, and subcloned into a 
pCMV-tag4B vector (Stratagene). The expression plasmid pCMV-tag4B-
ABCA12 was transfected into HI keratinocytes using Lipofectamine reagent 
(Invitrogen Corp.) according to the manufacturer’s recommendation. As 
a control, pCMV-tag4B was transfected into the cells. The transfected cells 
and control cells from patient 1 were stained with anti-glucosylceramide 
antibody, and the number of keratinocytes showing the 3 distinct types 
of glucosylceramide distribution patterns — congested, intermediate, and 
widely distributed — were assessed and calculated by 1 observer after view-
ing under a confocal laser scanning microscope, the Olympus Fluoview, 
FV300 confocal microscope (Olympus).

Morphological observation. Skin biopsy samples or cultured keratinocytes 
were fixed in 2% glutaraldehyde solution, postfixed in 1% OsO4, dehydrat-
ed, and processed for conventional electron microscopic observation.

Antibodies. Polyclonal anti-ABCA12 antibody was raised in rabbits 
using a 14–amino acid sequence synthetic peptide (residues 2567-2580) 
derived from the ABCA12 sequence (NM 173076) as the immunogen. 

The other primary antibody was mouse monoclonal anti-ceramide anti-
body (Alexis Biochemicals).

Immunofluorescent labeling. Immunofluorescent labeling was performed 
on frozen tissue sections and keratinocyte cultures as previously described 
(35). Fluorescent labeling was performed with FITC-conjugated secondary 
antibodies, followed by 10 mg/ml propidium iodide (Sigma-Aldrich) to coun-
terstain nuclei. For double labeling, fluorescent labeling was performed with 
a TRITC-conjugated secondary antibody for the anti-ABCA12 antibody. The 
stained samples were observed under a confocal laser scanning microscope.

Postembedding immunogold electron microscopy. Normal human skin sam-
ples were obtained from skin surgical operations under fully informed 
consent  and  were  processed  for  postembedding  immunoelectron 
microscopy as previously described (36). Cyrofixed, cryosubstituted 
samples were embedded in Lowicryl K11M resin (Electron Microscopy 
Sciences). Ultrathin sections were cut and incubated with anti-ABCA12 
antibody, a secondary linker antibody, and a 5-nm gold-conjugated 
antibody for immunogold labeling.
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