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CGI-58 is the causative molecule underlying Dorfman-
Chanarin syndrome, a neutral lipid storage disease
exhibiting apparent clinical features of ichthyosis.
CGI-58, associated with triacylglycerol hydrolysis,
has an �/�-hydrolase fold and is also known as the
�/�-hydrolase domain-containing protein 5. The pur-
pose of this study was to elucidate the function of
CGI-58 and the pathogenic mechanisms of ichthyosis
in Dorfman-Chanarin syndrome. Using an anti-
CGI-58 antibody, we found CGI-58 to be expressed in
the upper epidermis, predominantly in the granular
layer cells, as well as in neurons and hepatocytes.
Immunoelectron microscopy revealed that CGI-58
was also localized to the lamellar granules (LGs),
which are lipid transport and secretion granules
found in keratinocytes. CGI-58 expression was mark-
edly reduced in the epidermis of patients with harle-
quin ichthyosis, demonstrating defective LG forma-
tion. In cultured keratinocytes, CGI-58 expression
was mildly up-regulated under high Ca2� conditions
and markedly up-regulated in three-dimensional, or-
ganotypic cultures. In the developing human epider-
mis, CGI-58 immunostaining was observed at an esti-
mated gestational age of 49 days, and CGI-58 mRNA
expression was up-regulated concomitantly with both
epidermal stratification and keratinocyte differentia-
tion. CGI-58 knockdown reduced expression of kera-
tinocyte differentiation/keratinization markers in
cultured human keratinocytes. Our results indicate
that CGI-58 is expressed and packaged into LGs dur-
ing keratinization and likely plays crucial role(s) in
keratinocyte differentiation and LG lipid metabolism,
contributing to skin lipid barrier formation. (Am J Pathol

2008, 173:1349–1360; DOI: 10.2353/ajpath.2008.080005)

CGI-58 (ABHD5) is one of the genes that has been iden-
tified using the comparative proteomic approaches be-
tween Caenorhabditis elegans and humans.1 CGI was
named after comparative gene identification. CGI-58
(�/�-hydrolase domain-containing protein 5; ABHD5) is a
member of �/�-hydrolase family and a putative esterase/
lipase/thioesterase. The physiological roles of CGI-58
protein were reported to be lipolytic degradation of fat in
the lipid storing cells.2 However, its roles in various tis-
sues including the epidermis have not yet been clarified.1

In 2001, CGI-58 mutations were identified in Dorfman-
Chanarin syndrome (DCS; MIM 275630) families from the
Mediterranean region3 and, later, in a DCS patient of
Japanese origin.4 Additional DCS cases with CGI-58 mu-
tations have been reported.5–7

DCS is an autosomal recessively inherited neutral lipid
storage disease and is characterized by ichthyosis.8,9

This entity shows leukocyte lipid vacuoles and involve-
ment of several internal organs, including liver dysfunc-
tion, myopathy, cataracts, and a variety of neurological
symptoms. The most characteristic feature of DCS is
ragged skin over the entire body, caused by thickening of
the cornified layers of skin surface, termed ichthyosis. All
DCS cases present with this skin manifestation, ie, mod-
erate to severe non-bullous congenital ichthyosiform
erythroderma.10,11

It was reported that truncation of CGI-58 protein results
in abnormal lamellar granule (LG) formation in DCS.4 LGs
have been shown to form a continuous network from the
Golgi apparatus (trans-Golgi network; TGN). LGs are
multifunctional and are involved in packaging and secre-
tion of a variety of enzymes and structural proteins. LGs
are known to be involved in lipid transport and secretion
in keratinocytes and are thought to play a crucial role in
epidermal lipid barrier formation.12

To date, the function of CGI-58 in the skin, the liver and
the brain has not been clarified and the exact mechanism
of pathogenesis of ichthyosis, liver dysfunction and men-
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tal retardation in DCS is not well understood. In this study,
to elucidate the function of CGI-58 in the skin and to
better understand the pathogenic mechanisms underly-
ing the DCS phenotype including the ichthyosis, the ex-
pression patterns of CGI-58 were examined in normal
human skin, harlequin ichthyosis patients’ LG deficient
skin, developing human fetal epidermis in vivo and cul-
tured human keratinocytes in vitro. In addition, CGI-58
expression was studied in mouse organs including the
skin. Our findings clearly demonstrated for the first time that
CGI-58 is expressed in the upper epidermis, predominantly
in the granular layer cells, as well as in neurons and hepa-
tocytes. Immunoelectron microscopy revealed that CGI-58
is localized to the LGs, which are lipid transporting and
secreting granules in keratinocytes. CGI-58 expression was
up-regulated during keratinocyte differentiation (keratiniza-
tion) and human skin development. Reduced expression of
keratinocyte differentiation markers was seen in CGI-58
knockdown keratinocytes. These facts suggest that CGI-58
plays crucial role(s) in epidermal keratinocyte differentiation
and keratinocyte LG lipid metabolism, contributing to the
skin lipid barrier formation.

Materials and Methods

Production of Anti-CGI-58 Antibody

Polyclonal anti-CGI-58 antibody was raised in rabbits
using a 14 amino acid sequence synthetic peptide (res-
idues 181-194) derived from the CGI-58 sequence
(AL606838) as the immunogen (Sigma Genosys, Hokkaido,
Japan). Rabbits were immunized by antigen injection
(every 2 weeks, total six times). During the immunization
period, serum anti-CGI-58 antibody titers were checked
by enzyme-linked immunosorbent assay three times to
confirm antibody production. At 77 days after the first
antigen injection, the rabbits were sacrificed and entire
serum was obtained. Anti-CGI-58 antisera were subse-
quently purified using an antigen affinity column. Immu-
nofluorescent and immunohistochemical staining con-
firmed that the anti-CGI-58 antisera worked on frozen
tissue sections. However, we could not obtain consistent
staining results with the anti-CGI-58 antibody on routine,
formalin-fixed and paraffin-embedded tissue sections.

Human Fetal and Adult Skin Specimens

Normal human fetal tissue was acquired (after informed
consent was obtained) from Sapporo Maternity-Women’s
Hospital (Sapporo, Japan). Human embryonic and fetal
skin specimens were obtained from abortuses of 79 to
135 days estimated gestational age (EGA). Skin speci-
mens were taken from the trunk, scalp, and fingers, and
processed for the present study. EGA was determined
from maternal history, fetal measurements (crown rump
and foot length) and comparative histological appear-
ance of the epidermis.

Normal adult human skin samples were obtained at
surgical operations of benign subcutaneous tumors
under fully informed consent at the Department of Der-

matology, Hokkaido University Graduate School of
Medicine.

Ichthyosis Patients with LG Abnormalities

DCS Patient Harboring a CGI-58 Truncation Mutation

The patient had presented with severe ichthyosis since
birth. The detailed information on this patient was previ-
ously described.4 He had demonstrated liver dysfunction
since infancy and a liver biopsy showed cirrhosis with
severe fatty degeneration. He also had slight mental re-
tardation. White blood cells in the peripheral blood and
the basal cells and the lowermost spinous cells of the
epidermis demonstrated large cytoplasmic lipid vacuoles
characteristic of DCS. The patient was a homozygote for
a nonsense mutation 550C�T transition (c.550C�T) in
exon 4 of CGI-58 [sequence according to Lefèvre et al3]
(GenBank accession No. AL606839) that changed an
arginine residue to a stop codon (p.Arg184X).4

Harlequin Ichthyosis Patients Harboring ABCA12
Mutations

Both harlequin ichthyosis patients showed typical clin-
ical features including thick scales over their entire body
surface, severe ectropion, eclabium, and malformed pin-
nae. Both patients were homozygotes for ABCA12 trun-
cation mutations and these mutations were predicted to
lead to severe defects in ABCA12 keratinocyte lipid
transporter function. The details of the harlequin ichthy-
osis patients were reported previously.13

Human Liver and Brain Samples

Frozen tissue slides of human liver and brain were pur-
chased from BioChain Institute Inc. (Hayward, CA). Nor-
mal human adult liver or brain tissue sections cut at 5 to
10 �m thickness were mounted on a positively charged
glass slide. The slides were fixed and dehydrated with
acetone.

Mice

C57BL/6J mice were purchased from Clea Japan Inc.
(Tokyo, Japan). The mice were kept in isolator cages in a
barrier facility under a 12 hours light cycle and main-
tained under specific pathogen-free conditions.

Cell Culture

Neonatal human keratinocytes were purchased from
Cambrex BioScience Walkersville, Inc. (Walkersville,
MD). Human keratinocytes were cultured in Defined ker-
atinocyte serum-free medium (Invitrogen, San Diego,
CA). The keratinocytes were cultured in low Ca2� condi-
tions (0.09 mmol/L) to maintain a basal cell-like popula-
tion of undifferentiated cells. To induce terminal differen-
tiation, CaCl2 was added directly to the culture media for
a final 2 mmol/L calcium concentration. In addition, three-
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dimensional, organotypic cultured epidermal sheets
cultured over a non-proliferative fibroblast feeder layer
(Japan Tissue Engineering Co. J-TEC, Aichi, Japan)
were used for the study.

Antibodies

Primary antibodies to keratinization-associated proteins
used in the present study were rabbit polyclonal anti-
involucrin antibody (Biomedical Technologies, Inc.,
Stoughton, MA), mouse monoclonal anti-loricrin antibody
(Covance Lab., Richmond, CA), and mouse monoclonal
anti-transglutaminase 1 antibody (Biomedical Technolo-
gies, Inc., Stoughton, MA). As markers for TGN and LG
contents, a TGN-marker; sheep polyclonal anti-TGN-46
antibody (Serotec Inc., Oxford, UK), anti-LG content an-
tibodies; rabbit anti-human cathepsin D antibody (Santa
Cruz Biotechnology, Inc., CA), and rabbit polyclonal anti-
human � defensin 3 antibody (Novus Biologicals, Little-
ton, CO). Human � defensin 3 was reported to be local-
ized to LGs.14

In addition, rabbit polyclonal anti-glucosylceramide
antibody (Glycobiotech, Kuekel, Germany) was used in
the present study.

Immunoblotting

Cell lysates were prepared by homogenization in lysis
buffer (50 mmol/L Tris-HCl [pH 7.6], 150 mmol/L NaCl,
1% NP-40, 0.1% SDS, 0.25% sodium deoxycholate), fol-
lowed by centrifugation at 15000 rpm for 5 minutes. In
addition, normal mouse and human tissue extracts were
purchased from BioChain Institute, Inc. (Hayward, CA).
Cell lysates (100 �g of protein per lane) were resolved on
12.5% SDS-polyacrylamide gels that were then electro-
blotted onto Immobilon-P membranes (Millipore, Bed-
ford, MA) using a wet transfer apparatus. Membranes
were probed with the rabbit polyclonal anti-CGI-58 anti-
serum (final dilution 1:10). Proteins were detected with
horseradish peroxidase-conjugated secondary anti-
bodies (Jackson Immunoresearch Laboratory, West
Grove, PA), and specific bands were visualized by
chemiluminescence.

Real-Time Reverse Transcription-Polymerase
Chain Reaction Analysis

To quantify the CGI-58 mRNA expression levels, total
RNA was extracted from human keratinocytes cultured in
low Ca2� or high Ca2� condition, and extracted from
human adult and fetal skin. RNA samples were analyzed
by ABI prism 7000 sequence detection system (Applied
Biosystems, Lincoln Centre Drive Foster City, CA).
Probes for real-time RT-PCR were as follows: a probe for
CGI-58, Applied Biosystems, ID Hs 00211205_m1; a probe
for involucrin, Applied Biosystems, ID Hs 00846307_sl; a
probe for loricrin, Applied Biosystems, ID Hs 01894962_sl;
a probe for transglutaminase 1, Applied Biosystems, ID
Hs 00165929_ml; a probe for filaggrin, Applied Biosys-

tems, ID Hs 00863478_gl. Differences between the
mean CT values of CGI-58 and that of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were calcu-
lated as �CTsample � CTCGI-58 � CTGAPDH and those of
CT for the normal adult skin as �CTcalibrator � CTCGI-58 �
CTGAPDH.

RNA Interference and Generation of Lentiviruses

CGI-58 expression was depleted using short interfering
RNA duplexes. Target regions in CGI-58 were identified
by the BLOCK-iT RNA interference (RNAi) Designer Pro-
gram (Invitrogen, San Diego, CA). Two sequences were
used to generate RNAi molecules that target either 498-
518 coding region of CGI-58 gene (RNAi 498, sequence
5�-CAGTTTGTGGAATCCATTGAA-3�; CGI-58 #1) or to
the 886-906 region (RNAi 886, sequence 5�-GTGAGA-
CAGCTTTCAAGAATA-3�; CGI-58 #2). These sequences
were synthesized as DNA oligonucleotides and in addi-
tion contained complementary sequences joined by a
5�-GTTTTGGCCACTGACTGAC-3� loop. Synthetic du-
plexes were cloned into the pcDNA6.2GW/Em green flu-
orescent protein (GFP) vector in the middle of the micro
RNA155 (miR155) sequence supplied as a part of the
BLOCK-iT Lentiviral Pol II miR RNA expression system kit
(Invitrogen, San Diego, CA). In the pcDNA6.2GW/EmGFP
vector the chimeric miR155-CGI-58 sequence is located
under the control of the cytomegalovirus promoter co-cis-
tronically with EmGFP. On processing in the cells by the
endogenous endonuclease machinery, the construct pro-
duces anti-CGI-58 RNA duplex (microRNA [miRNA]-CGI-
58 #1 and #2). We used the control vector pcDNA6.2GW/
EmGFP-miR-neg that encodes random mRNA that fails to
target any known vertebrate gene (scrambled control
miRNA, Invitrogen, San Diego, CA). The expression cas-
sette was transferred to the lentiviral shuttle vector
pLenti6/V5-DEST vector (Invitrogen, San Diego, CA) by
Gateway recombination following the instructions. For
the generation of infectious lentiviral particles pLenti6/
V5-DEST vectors containing miRNA-CGI-58 or miR-neg
cassettes were co-transfected with ViraPower packaging
plasmid mixture: pLP1, pLP2, and pLP/VSV-G (Invitro-
gen) into 293FT cells using Lipofectamine 2000 (Invitro-
gen). Ten-cm tissue culture plates were used to produce
each batch of lentivirus. Virus-containing media was col-
lected 60 hours after transfection, centrifuged at 2000
rpm for 20 minutes and filtered through a 0.45 �m filter
(Millipore). Transduction of miRNA viruses to normal hu-
man keratinocytes was conducted following the manu-
facture’s protocol. Briefly, normal human keratinocytes in
6-well plates were infected by 2-ml supernatants in the
presence of 6 �g/ml Polybrene (Invitrogen). Six hours
later, we removed the medium containing virus and re-
placed it with KGM-2 culture medium. After switching to
high Ca2� culture conditions, expression of CGI-58 and
keratinocyte differentiation markers including involucrin,
loricrin, filaggrin, and transglutaminase 1 was studied by
real-time PCR analysis.
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Immunofluorescent Labeling

The tissue samples or three-dimensional, organotypic
cultured epidermal sheets were immediately frozen in
optimal cutting temperature compound (Tissue-Tek;
Sakura Finetechnical, Tokyo, Japan), and cut at a thick-
ness of 6 �m. Immunofluorescent labeling was per-
formed as previously described.15 Briefly, 6-�m thick
sections of fresh tissue samples cut using a cryostat or
cultured cells were prepared for immunolabeling. Sec-
tions were fixed in acetone for 10 minutes at room tem-
perature for labeling with anti-human CGI-58 antibody or
other antibodies. The sections were incubated in primary
antibody solution for 2 hours at room temperature. Pri-
mary antibodies and dilutions were as follows; rabbit
polyclonal anti-human CGI-58 antibody, 1/10; mouse
monoclonal anti-cathepsin D antibody, 1/10; rabbit poly-
clonal anti-human �-defensin 3 antibody, 1/250; sheep
polyclonal anti-TGN-46 antibody, 1/4; rabbit polyclonal
anti-involucrin antibody, neat; mouse monoclonal anti-
loricrin antibody, 1/250; and mouse monoclonal anti-
transglutaminase 1 antibody, 1/10. The sections were
then incubated in fluorescein isothiocyanate (FITC)-con-
jugated rabbit anti-mouse immunoglobulin (Jackson Im-
munoResearch Laboratories, Inc. West Grove, PA) or
donkey anti-rabbit immunoglobulins (DAKO, Glostrup,
Denmark) diluted 1:100 for 2 hours at room temperature,
followed by 10 �g/ml TOPRO3 (Sigma Chemical Co., St.
Louis, MO) to counterstain nuclei for 10 minutes at 37°C
or 10 �g/ml propidium iodide for 10 seconds. Sections
were observed under an Olympus Fluoview confocal
laser scanning microscope (Olympus, Tokyo, Japan).
Furthermore, cultured cells were stained with similar
procedures.

Immunohistochemistry on Mice Tissues

Under deep ether anesthesia, 1-month-old mice (C57Bl/
6CrSlc) were fixed by transcardial perfusion with 4%
paraformaldehyde in a phosphate buffer (0.1M, pH 7.4).
The brains and livers were immersed in the same fixative
overnight, cryoprotected with 30% sucrose in phosphate
buffer for 2 days at 4°C, and then cut into coronal sec-
tions at a thickness of 20 �m with a cryostat. The sec-
tions, mounted on gelatin-coated glass slides were
treated as follows; with methanol containing 0.3% H2O2

for 30 minutes, pepsin solution (1 �g/ml in 0.2N HCl) for
5 minutes at 37°C, phosphate buffer for 10 minutes, 3%
normal goat serum in phosphate buffer for 1hour, and a
rabbit anti-CGI-58 antibody (diluted 1:500) for 2days at
4°C. After rinsing three times with phosphate buffer for 15
minutes, sections were visualized using the avidin-biotin-
peroxidase complex method. After finishing diaminoben-
zidine reaction, sections of brain and liver were stained
with Toluidine blue and hematoxylin, respectively.

Postembedding Immunoelectron Microscopy

Normal human skin samples were obtained from surgical
operations of benign subcutaneous skin tumors under

fully informed consent, and were processed for postem-
bedding immunoelectron microscopy as previously de-
scribed.13 Cyrofixed cryosubstituted samples were em-
bedded in Lowicryl K11M resin. Ultrathin sections were
cut and incubated with anti-CGI-58 antisera antibody, a
secondary linker antibody, and a 5-nm gold-conjugated
antibody for immunogold labeling.

Results

Establishment of Anti-CGI-58 Antibody

Immunoreactivity of the antiserum to the synthetic pep-
tide (residue 181-194 of CGI-58) was confirmed by en-
zyme-linked immunosorbent assay with the synthetic
peptide (data not shown). By immunoblot analysis, anti-
CGI-58 antiserum exhibited approximately 45-kDa bands
both in the human skin and the mouse skin extracts
(Figure 1).

CGI-58 Expression in the Brain and the Liver

DCS patients with CGI-58 deficiency show neurological
and hepatic symptoms including mental retardation, liver
dysfunction, and liver cirrhosis. Thus, using the anti-
CGI-58 antisera that we have created CGI-58 localization
in the brain and the liver was studied.

By immunoblot analysis, approximately 45 kDa-bands
representing the CGI-58 peptide were detected in ex-
tracts from mouse brain and liver (Figure 1).

Strong CGI-58-immunolabeling was observed in the
brain and liver of mice (Figure 2). In the brain, CGI-58-
containing cells were confined within the hypothalamus
(arrows in Figure 2A), and no labeled cells were detected
in other areas, such as the cerebral cortex, hippocam-
pus, thalamus, brain stem, cerebellum, and spinal cord.
In the hypothalamus, CGI-58 was localized in medium-

Figure 1. Immunoblot Analysis with Anti-CGI-58 Antiserum. Immunoblot
analysis with the anti-CGI-58 antiserum using total protein samples extracted
from normal human skin, mouse brain, mouse liver, and mouse skin. An
approximate 45 kDa band (arrow) was detected by the antiserum in extracts
from normal human skin, mouse brain, mouse liver and mouse skin (from
the second left to right). The left is a marker lane.
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sized (diameter �15 to 30 �m) multipolar neurons. The
stained neurons were scattered throughout the hypothal-
amus, but did not accumulate in specific nuclei, such as
the dorsomedial hypothalamic nucleus, ventromedial hy-
pothalamic nucleus complex, arcuate hypothalamic nu-
cleus. In higher magnification pictures of the hypothal-
amus, CGI-58-immunolabeling exhibited quite a fine
granular pattern in the perikarya, dendrites and axons of
neurons, but glial cells and blood vessel endothelial cells
were negative (Figure 2B). Furthermore, CGI-58-contain-
ing axons extended into the cerebral cortex (Figure 2, C
and D) and hippocampus (Figure 2E).

In the liver, CGI-58 was abundantly expressed in
hepatocytes, but the sinusoidal endothelial cells and
blood cells were negative (Figure 2, F and G). In the

hepatocytes, CGI-58-immunolabeling exhibited a fine
granular pattern (arrows), occupying the cytosol.

The corneal epithelium was only weakly labeled with
anti-CGI-58 antisera (data not shown), and CGI-58 was
not detected in the epithelia of the digestive organs or
the urogenital organs.

Immunofluorescent localization of CGI-58 revealed
that human liver hepatocytes and brain neurons showed
discrete cytoplasmic labeling (Figure 2, H and I).

CGI-58 Distribution in the Epidermis

Congenital ichthyosiform erythroderma on the whole
body surface is one of the major symptoms of DCS

Figure 2. CGI-58 Distribution in the Brain and
the Liver. Immunohistochemical localization of
CGI-58 in the mouse brain (A–E) and liver (F,
G). A-D: Hypothalamus at lower magnification
(A) and at higher magnification (B–E). A: CGI-
58-positive neurons (arrows) scattered in the
hypothalamus. B: CGI-58-immunolabeling ex-
hibited quite fine granules in the dendrites (de)
and perikarya, but nuclei (Nu) were negative.
Small neurons and glial cells (gl) did not contain
CGI-58. Axons (Ax) with varicosities were
densely stained. C–E: CGI-58-positive axons
(arrows) entered into the layer 2 (C) and layer
4 (D) of the somatosensory cortex, oriens layer
(or) and stratum radiatum (rad) of hippocampal
formation CA1 region (E). These axons were
also detected within the pyramidal cell layer of
hippocampus (Pyr). F, G: The liver at lower
magnification (F) and at higher magnification
(G). Hepatocytes abundantly expressed the
CGI-58. The CGI-58-immunolabeling exhibited
a fine granular pattern in the cytosol (arrows).
H, I: CGI-58 distribution in the human brain (H)
and liver (I). In the normal human brain, CGI-
58-positive neurons (white arrows) were scat-
tered (H). In the normal human liver, cytoplas-
mic CGI-58 staining (white arrows) was seen
in the hepatocytes (I). Abbreviations: Arc; arcu-
ate hypothalamic nucleus, DMH; dorsomedial
hypothalamic nucleus, ec; endothelial cells, ia;
interlobular artery, LH; lateral hypothalamic
area, mt; mammillothalamic tract, opt; optic
tract, sin; sinusoid, III; third ventricle, VMH; ven-
tromedial hypothalamic nucleus. CGI-58, green
(FITC); nuclear stain, red (propidium iodide).
Scale bars � 50 �m.
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caused by CGI-58 deficiency. Thus, we studied the dis-
tribution of CGI-58 in the epidermis to obtain clues to
clarify the function of CGI-58 and the pathomechanisms
of ichthyosis in DCS.

In normal human skin, the anti-CGI-58 antiserum
stained the upper epidermal layers, mainly the granu-
lar layers in addition to dermal fibroblasts (Figure 3, A
and B), although no apparent CGI-58-positive neurons
in dermal nerves were observed. In contrast, there was
an absence of immunolabeling in the skin of our DCS
patient, who harbors a homozygous truncation muta-
tion p.Arg184X4 (Figure 3, C and D). This mutation
resulted in truncation of the protein, leading to loss of
epitope expression, ablating CGI-58 antiserum stain-
ing. These findings confirmed specificity of the anti-
CGI-58 antibody.

In the skin of mice, CGI-58 immunoreactivity was seen
in the upper epidermis and the dermal fibroblasts (Figure
3, E and F). This distribution pattern was similar to that of
human skin.

Localization of CGI-58 to LGs of Differentiating
Keratinocytes in Human Epidermis

To understand the function of CGI-58 in the epidermis,
we investigated the ultrastructural localization of CGI-58
in keratinocytes.

Immunoelectron microscopy using cryofixed, cryosub-
stituted normal human skin samples revealed that CGI-58
protein was restricted to LGs in the cytoplasm of keratin-
ocytes in the upper spinous and granular layers of epi-
dermis (Figure 4A). In the granular layer cells, CGI-58-
positive LGs were abundant in the cytoplasm (Figure 4B).
High power views demonstrated that CGI-58 localized to
the lamellar structures in LGs (Figure 4, C and D). CGI-
58-positive LGs were observed fusing with the cell mem-
brane to secrete their content into the extracellular space
of the stratum corneum (Figure 4A). CGI-58 immunogold-
labeling was sparsely distributed in the cytoplasm of

fibroblasts and exhibited no restricted localization to any
specific organelle (data not shown).

Reduced Expression of CGI-58 in LG-Deficient
Harlequin Ichthyosis Skin

To confirm the localization of CGI-58 in LGs, we per-
formed CGI-58 immunostaining in LG deficient harlequin
ichthyosis epidermis.

In harlequin ichthyosis patient epidermis, normal LGs
are absent and only lipid droplets and defective LGs
lacking lipid contents due to loss of function of the
ABCA12 transporter are seen. In such harlequin ichthyo-
sis epidermis, remarkably reduced immunolabeling for
CGI-58 was observed (Figure 5, A and B), compared with
that observed in normal human skin (Figure 5C). These

Figure 3. CGI-58 Distribution in the Skin. A, B:
Immunoreactivity of the anti-CGI-58 antiserum
in normal human skin. CGI-58 immunolabeling
(green, FITC) was seen in the epidermis, pre-
dominantly in the granular layer (arrows) and
in the dermal fibroblasts in human skin. C, D:
Anti-CGI-58 antiserum showed no labeling in
CGI-58 null epidermis of a DCS patient with ho-
mozygous CGI-58 truncation mutation (Akiyama
et al,4). E, F: CGI-58 distribution in murine skin.
CGI-58 labeling (Green, FITC) was also ob-
served in the epidermis and fibroblasts of mouse
skin. CGI-58, green (FITC); nuclear stain, red
(propidium iodide). Scale bars � 50 �m.

Figure 4. Cryosubstituted, Cryofixed Postembedding Immunoelectron Mi-
croscopy with Anti-CGI-58 Antiserum in Normal Human Epidermis. A: Anti-
CGI-58 antibody deposition labeled with 5 nm gold particles was seen on
cytoplasmic vesicles (arrows) in the uppermost spinous and granular layer
keratinocytes. CGI-58 was secreted with lamellar content of a vesicle to the
intercellular space (open arrow). B: CGI-58-positive granules (arrows)
contained lamellar structures inside and were identified as LGs. C, D: CGI-58
labeling was observed on the lamellar structure of LGs. Margin of LGs is
traced with yellow dots. Scale bars � 100 nm (A–D).
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findings indicated that CGI-58 is associated with LGs in
the epidermis.

Preserved TGN-LG System in CGI-58 Null
Human Epidermis

LGs are known to be multifunctional and they transport
and secrete a variety of molecules other than lipids. To
clarify whether CGI-58 in LGs is associated mainly with
LG lipid contents or alternatively associated with non-
lipid molecules, we studied the distribution patterns of
non-lipid contents of LGs and a TGN marker.

Immunofluorescent staining for the TGN marker
TGN-46 and LG contents, cathepsin D and human �
defensin 3, in CGI-58 null human epidermis (the DCS
patient’s epidermis) revealed that there was no remark-
able difference in the expression of any of the three
molecules (TGN-46, cathepsin D, and human � defensin
3) in the upper epidermis compared to normal control
human skin (data not shown). These results suggested
that CGI-58 in LGs was not directly associated with either
the lipid contents or TGN system.

CGI-58 Expression Was Up-Regulated in
Accordance with Keratinocyte Differentiation
(Keratinization)

From the present results described above, CGI-58 local-
ization in LGs was demonstrated and a role for CGI-58 in
lipid transport/metabolism was therefore suggested in
the epidermis. Lipid transport and secretion by LGs are
important for skin lipid barrier formation during keratini-
zation (keratinocyte differentiation). Thus, we investigated
effects of keratinocyte differentiation and epidermal devel-
opment on CGI-58 expression in vivo and in vitro.

Up-Regulation of CGI-58 Expression in Cultured
Keratinocytes after Differentiation

Evaluation of the CGI-58 transcript population against the
GAPDH transcript using real-time RT-PCR revealed that
CGI-58 transcription was up-regulated 2.3-fold after 1
week in high Ca2� culture compared with CGI-58 expres-
sion in keratinocytes cultured in low Ca2� concentration
(Figure 6A). Furthermore, CGI-58 expression was dra-
matically up-regulated in more advanced differentiation

cultures; CGI-58 expression was up-regulated 33-fold
in the three-dimensional, organotypic keratinocyte cul-
tures compared to CGI-58 expression of low Ca2�

condition cultures and up-regulated 16-fold compared
to that of cultures in the simple high Ca2� condition
(Figure 6A).

As controls, expression of other keratinization-related
molecules, including involucrin, loricrin and transglutami-
nase 1, were also studied and the mRNA expression of
involucrin, loricrin and transglutaminase 1 was up-regu-
lated 1.3-, 2.3-, and 1.6-fold after 1 week in high-Ca2�

culture, respectively. In the organotypic cultures, expres-
sion of involucrin was also up-regulated 27-fold com-
pared to that of low Ca2� condition cultures and 21-fold
compared to that of high Ca2� culture condition. Expres-
sion of transglutaminase 1 was up-regulated 3.6-fold and
2.3-fold compared to those of low Ca2� condition and
high Ca2� condition, respectively. Strong loricrin ex-
pression was obtained in the organotypic cultures,
although loricrin expression was very weak in the sim-
ple cultures.

Immunofluorescent staining for CGI-58 confirmed that
differentiated (partially keratinized) keratinocytes cul-
tured in high Ca2� condition showed stronger CGI-58
staining than that in undifferentiated keratinocytes under
low Ca2� culture conditions (Figure 6, B and F). The
organotypic cultures of keratinocytes showed highly dif-
ferentiated features with keratinization similar to normal
human epidermis (Figure 6J). In the organotypic cultures,
CGI-58 protein expression was observed in all of the
suprabasal keratinocyte layers (Figure 6K). Involucrin
and transglutaminase 1, the control keratinization mark-
ers, exhibited stronger staining in differentiating keratin-
ocytes cultured under high Ca2� conditions than undif-
ferentiated keratinocytes cultured in low Ca2� conditions
(Figure 6, C, E, G, I). Loricrin immunostaining was almost
negative both in differentiating keratinocytes in high Ca2�

conditions and undifferentiated keratinocytes cultured
in low Ca2� conditions (Figure 6, D and H). In the
organotypic cultures, involucrin and transglutaminase
1 proteins were distributed in all of the suprabasal
layers of keratinocytes (Figure 6, L and N). Loricrin
protein was seen only in the upper layers (Figure 6M).
These results clearly indicated that CGI-58 expression
in the keratinocytes is up-regulated by keratinocyte
differentiation (keratinization).

Figure 5. CGI-58 Immunolabeling in Harlequin
Ichthyosis Patients’ Epidermis. In skin speci-
mens from the two harlequin ichthyosis patients
with defective LGs (A, B), extremely reduced
CGI-58 expression was seen compared with
strong CGI-58 staining in normal human skin
(C). CGI-58, green (FITC); nuclear stain, red
(propidium iodide). White arrows, the granu-
lar layer. Scale bars � 50 �m.
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CGI-58 Expression during Human Epidermal
Development

In the two layered human fetal epidermis at 49 days EGA,
weak CGI-58 immunostaining was seen in the epidermal
cells (Figure 7A). In the three-layered human fetal epider-
mis at 76 days EGA, periderm cells were positive for
CGI-58 (Figure 7B). In the four or more layered develop-
ing epidermis at 97 days and 105 days EGA, CGI-58 was
expressed in the upper epidermis, predominantly in per-
iderm cells (Figure 7, C and D). The upper epidermal
cells, mainly the granular layer cells, were positive for
CGI-58 in human fetal keratinized epidermis at 135 days
EGA (Figure 7E). By this stage of development, periderm
cells were already regressed.

We examined the expression of CGI-58 mRNA by real-
time RT-polymerase chain reaction. The expression level of
each mRNA was converted to a percentage rate compared
to that of the normal adult skin (Figure 7F). CGI-58 mRNA
was expressed in the early epidermal development at 10
weeks EGA (at 8.7% of adult expression level). At 15 weeks
EGA, the CGI-58 mRNA expression level increased to
11.7% of adult level. The expression level of CGI-58 mRNA
then markedly increased to 27.3% of adult levels at 18–20
weeks EGA when compared with an earlier developmental
stage (10 and 15 weeks EGA). This increase in CGI-58
mRNA expression is consistent with CGI-58 immunofluores-
cence findings during human epidermal development.
These results further support the idea that CGI-58 expres-
sion is up-regulated during keratinocyte differentiation.

Figure 6. CGI-58 Expression during Human
Keratinocyte Differentiation. A: Real-time RT-
PCR analysis revealed that CGI-58 mRNA ex-
pression in human keratinocytes cultured in the
high Ca2� condition was 2.3-fold higher than
that of cultured keratinocytes in low Ca2� con-
dition. CGI-58 expression in the organotypic
cultures was up-regulated 33-fold compared to
expression in low Ca2� conditions. Expression
of keratinization markers, involucrin, loricrin
and transglutaminase 1, was also up-regulated
in the three-dimensional, organotypic culture.
B–I: Immunolabeling of normal cultured hu-
man epidermal keratinocytes. CGI-58 immu-
nolabeling (FITC, green) was weak in the nor-
mal human keratinocytes cultured in low Ca2�

condition (B). In contrast, strong CGI-58 immu-
nostaining was diffusely observed in the cyto-
plasm of normal human keratinocytes cultured
in high Ca2� condition (F). A weaker involucrin
immunolabeling was seen in the normal human
keratinocytes cultured in low Ca2� condition
(C) and strong involucrin immunostaining was
diffusely observed in the cytoplasm of normal
human keratinocytes cultured in high Ca2� con-
dition (G). No apparent loricrin immunostaining
was observed either in the normal human ker-
atinocytes cultured in low Ca2� condition (D) or
in the normal human keratinocytes cultured in
high Ca2� condition (H). Transglutaminase 1
immunolabeling was weak in the normal human
keratinocytes cultured in low Ca2� condition
(E). Strong membranous transglutaminase 1 im-
munostaining was observed in the normal hu-
man keratinocytes cultured in high Ca2� condi-
tion (I). J: Organotypic cultured, epidermal
sheets stained with H&E showed highly differ-
entiated specific features of keratinization, sim-
ilar to that seen in normal skin. K–N: The su-
prabasal layers of organotypic keratinocyte
cultures were strongly stained with anti-CGI-58
(K), anti-involucrin (L), and anti-transglutami-
nase 1 (N) antibodies, although only the upper
layers were positive for loricrin (M). Immuno-
fluorescent labeling and mRNA expression of
each protein were consistent with each other:
CGI-58 (B, F, K), involucrin (C, G, L), loricrin
(D, H, M), transglutaminase 1 (E, I, N), green
(FITC); nuclear stain, red (propidium iodide).
Scale bars � 20 �m.
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Effect of Anti-CGI-58 MiRNA Silencing on the
Expression of Keratinocyte Differentiation
Markers

From the results described above, it was revealed that
CGI-58 expression is up-regulated in accordance with
expression of other keratinocyte differentiation markers.
Thus, we studied the expression of keratinocyte differen-

tiation (keratinization) markers in CGI-58 knockdown ker-
atinocytes to evaluate the effect of CGI-58 expression on
the expression of keratinization markers.

For validation purposes, two different miRNAs (miRNA-
CGI-58 #1 and #2) targeting different regions of human
CGI-58 lacking homology to other human genomic se-
quences were used (see Materials and Methods for de-
tail). A scrambled (random) non-targeting miRNA was
used as negative control. Infection of normal human
keratinocytes cultured in the high Ca2� conditions with
lentiviruses carrying miRNA targeting CGI-58 (miRNA-
CGI-58 #1 and #2), but not lentiviruses containing
scrambled, random negative control miRNA resulted in
the effective knockdown of CGI-58 expression. The
CGI-58 expression rates in the CGI-58 knockdown cells
compared to control cells infected with a scrambled
miRNA were 0.17 (miRNA-CGI-58 #1) and 0.12 (miRNA-
CGI-58 #2) (Figure 8). We found that both the lentiviral
vectors targeting different regions of CGI-58 mRNA had a
sufficient ability to bring down CGI-58 expression in
keratinocytes.

Notably, concomitant with decreases in CGI-58 ex-
pression, all of the four keratinization markers examined,
involucrin, filaggrin, loricrin, and transglutaminase 1,
showed a marked reduction in their mRNA expression
levels. The expression rates of the differentiation markers
in the CGI-58 knockdown cells compared to control cells
were as follows: involucrin, 0.44 (miRNA-CGI-58 #1) and
0.46 (miRNA-CGI-58 #2); filaggrin, 0.18 (miRNA-CGI-58
#1) and 0.27 (miRNA-CGI-58 #2); loricirn, 0.18 (miRNA-
CGI-58 #1) and 0.37 (miRNA-CGI-58 #2); and, transglu-
taminase 1, 0.54 (miRNA-CGI-58 #1) and 0.36 (miRNA-
CGI-58 #2) (Figure 8). These results suggested that
CGI-58 expression is crucial for the maintenance of ex-
pression of keratinization markers and for the normal
keratinocyte differentiation process.

Discussion

In DCS patients, the amounts of triacylglycerol in lympho-
cytes, macrophages and fibroblasts cultured from pa-
tients were remarkably higher than those of normal con-
trols.16,17 The causative defects in lipid metabolism in
DCS patients are expected to involve triacylglycerol me-
tabolism,18 especially in the catabolism of long-chain

Figure 7. Expression of CGI-58 in developing human skin (A) in two-layered
epidermis (at 49 days EGA), weak CGI-58 staining (green, FITC; white
arrows) was seen in the epidermis; (B) in the three-layered epidermis (76
days EGA), CGI-58 staining was observed only in the periderm (white
arrows). C, D: Non-keratinized four- or more-layered epidermis (C, 97 days
EGA; D, 105 days EGA), CGI-58 immunolabeling was seen in the upper
epidermis, mainly in the periderm (white arrows). E: in the keratinized fetal
epidermis (135 days EGA), CGI-58 staining was seen in the upper epidermis,
predominantly the granular layer (white arrows). CGI-58, green (FITC);
nuclear stain, red (propidium iodide). Scale bars � 50 �m. F: Expression of
CGI-58 mRNA was up-regulated during human fetal skin development. The
mRNA expression of CGI-58 in fetal skin was studied by real-time RT-PCR
analysis. mRNA expression rates in fetal skin compared with adult skin
expression levels (fetal skin/adult skin) were summarized in the graph. At 18
and 20 weeks EGA, the rate of CGI-58 mRNA expression was significantly
increased and reached approximately 0.27 compared to adult skin levels.
Immunofluorescent labeling and mRNA expression levels were consistent
with each other.
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fatty acids17,19 or in the recycling pathway involving tria-
cylglycerol-derived mono- or diacylglycerol conversion
into phospholipids.20,21 Thus, once CGI-58 was identified
as a causative molecule for DCS,3,4 speculation has
arisen that CGI-58 plays an important role in triacylglyc-
erol metabolism in several organs including the skin.

CGI-58 belongs to a large family of proteins charac-
terized by an �/�-fold domain22,23 and comprise a cata-
lytic triad composed of a nucleophile, an acidic domain
and histidine.24,25 From analysis of the reported amino
acid sequences, we know that CGI-58 has a putative
catalytic triad similar to other members of the esterase/
lipase/thioesterase subfamily.3 CGI-58 was reported to
localize to lipid droplets.26 Adipose triglyceride lipase
was recently identified as an important triacylglycerol
hydrolase promoting the catabolism of stored fat in adi-
pose and nonadipose tissues.2 It was demonstrated that
efficient adipose triglyceride lipase enzyme activity re-
quires activation by CGI-58.2 CGI-58 interacts with adi-
pose triglyceride lipase, stimulating its triacylglycerol
hydrolase activity by up to 20-fold.2 Antisense RNA-
mediated reduction of CGI-58 expression in 3T3-L1 adi-
pocytes inhibits triacylglycerol mobilization.2 Further-
more, expression of functional CGI-58 in DCS fibroblasts
restores lipolysis and reverses the abnormal triacylglyc-
erol accumulation typical for DCS.2 These facts suggest
an important biochemical function for CGI-58 in the lipo-
lytic degradation of fat.2

The precise pathomechanisms of CGI-58 mutations
causing multiorgan symptoms in DCS, particularly liver
dysfunction and mental retardation, remains to be clari-
fied. From our results, CGI-58 is expressed in the cyto-
plasm of hepatocytes, medium sized multipolar neurons
in the hypothalamus, corneal epithelial cells and dermal
fibroblasts. LGs or any equivalent organ specific variant
of LGs has not been reported in these cells. In hepato-
cytes, CGI-58 expression might be associated with lipid
droplets or peroxisomes. CGI-58 expression in hepato-
cytes and neurons is probably related to liver dysfunction

and a variety of DCS neurological symptoms respec-
tively. We could not obtain any further clues to clarify a
role of CGI-58 in dermal fibroblasts in the present study.

As for lipid metabolism in the skin, intercellular lipid
layers are crucial for barrier function of the human epi-
dermis.12 All ceramides, cholesterol, and free fatty acids
are essential elements for the normal intercellular lipid
layers.12

Epidermal keratinocyte LGs are multifunctional as they
package and secrete a variety of enzymes and structural
proteins. One of their important functions is lipid transport
and secretion for the formation of the intercellular stratum
corneum lipid layers. Formation of a normal epidermal
permeability barrier and normal desquamation require
the active secretion of LG contents into the intercellular
spaces between the granular and cornified cells. LGs
contain both polar lipids and various hydrolytic enzymes
that catalyze the extracellular processing of the secreted
polar lipids into more hydrophobic reaction products.27

In the present study, we clearly demonstrated that
CGI-58 is located in epidermal keratinocyte LGs. Re-
markably reduced CGI-58 immunostaining was observed
in LG deficient harlequin ichthyosis epidermis and further
confirmed the localization of CGI-58 in LGs. The unal-
tered distribution of the LG-non-lipid content together
with a TGN marker was observed in the CGI-58-null
epidermis.

In previous studies, ultrastructurally abnormal LGs
containing irregularly-shaped granular or vesicular mate-
rial were observed within the granular layer cells of
CGI-58 null epidermis.4 Elias and Williams28 also re-
ported an abnormality in the lipid content of LGs in mul-
tiple DCS cases from a single family, although the under-
lying mutations from the family had not been detected.
Recently, skin barrier dysfunction was confirmed in DCS
patients.29

Abnormal LGs and an abnormal transport of LG con-
tents are frequently reported as the main pathomecha-
nisms for other congenital ichthyoses including harlequin
ichthyosis.13 In harlequin ichthyosis, LGs are absent or, if
present, they show an abnormal empty or vesiculated
content without any lamellar structure. These abnormal
LGs are not secreted to the intercellular space and they
accumulate to form a large number of lipid droplets within
the cornified cells.30–32 These severe abnormalities were
identified as due to a deficiency in the keratinocyte lipid
transporter ABCA12.13 In contrast, a functional TGN and
LG system is formed in cases with DCS and LG contents
are secreted to the intercellular space. These differences
in LG abnormalities are probably due to the differing
roles of CGI-58 and ABCA12 in lipid transport and
metabolism in keratinocytes. Taking all these facts and
data from the present study into consideration, we con-
clude that CGI-58 localizes to the lipid transporting LGs
and is up-regulated during keratinization. Triacylglycer-
ols have been suggested as a precursor pool for sphin-
golipids,33,34 although LGs are not known to contain
triacylglycerols.35 CGI-58 is known to stimulate triacyl-
glycerol hydrolase activity, though CGI-58 itself does not
have lipase activity.2 Thus, there is a possibility that
CGI-58 is associated with synthesis of sphingolipids that

Figure 8. Lentiviral-Mediated Knockdown of CGI-58 Expression in Cultures
of Human Keratinocytes. Two lentiviruses targeting different regions of
CGI-58 (miRNA-CGI-58 #1 and miRNA-CGI-58 #2) showed similar depletion/
knockdown of CGI-58 mRNA expression. Expression of keratinization mark-
ers, involucrin, filaggrin, loricrin, and transglutaminase 1, was markedly
reduced after infection with lentiviruses carrying miRNA-CGI-58 #1 and
miRNA-CGI-58 #2 constructs.
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are essential for the stratum corneum lipid barrier. In DCS
patients, CGI-58 deficiency is thought to result in defec-
tive skin lipid barrier formation leading to an ichthyotic
phenotype.

Furthermore, in the present study, CGI-58 expression
in cultured keratinocytes was mildly up-regulated in high
Ca2� culture conditions and was remarkably up-regu-
lated in three-dimensional, organotypic cultures. These
findings apparently indicate that keratinocyte CGI-58 ex-
pression is up-regulated by keratinocyte differentiation
(keratinization). During human fetal skin development,
CGI-58 was expressed in the periderm of three layered
epidermis from the early fetal period and, in the later
stages of fetal skin development, CGI-58 expression was
mainly seen in the upper epidermis, similar to the CGI-58
distribution in adult epidermis. This pattern of develop-
mental expression was similar to other keratinization-as-
sociated molecules, such as transglutaminase 1 and
ABCA12.15,36,37 To further clarify the functional role of
CGI-58 during normal human keratinocyte differentiation,
we performed knockdown of CGI-58 expression using an
RNAi approach, in which we used short RNA duplex-
containing sequences complementary to CGI-58 mRNA
to induce specific inhibition of its expression. CGI-58
knockdown led to reduced expression of all of the kera-
tinocyte differentiation markers examined, ie, involucrin,
loricrin, filaggrin, and transglutaminase 1. These results
suggest that CGI-58 might be important for keratinocyte
differentiation (keratinization) process. In conclusion, we
considered that CGI-58 is packed in LGs and is likely
associated with intercellular lipid layer formation in the
stratum corneum and may play a crucial role in keratin-
ocyte differentiation and keratinization.
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