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Comparative gene identification-58 (CGI-58), also desig-
nated as «/f-hydrolase domain containing-5 (ABHD-5), is a
lipid droplet-associated protein that activates adipose triglycer-
ide lipase (ATGL) and acylates lysophosphatidic acid. Activa-
tion of ATGL initiates the hydrolytic catabolism of cellular tria-
cylglycerol (TG) stores to glycerol and nonesterified fatty acids.
Mutations in both ATGL and CGI-58 cause “neutral lipid stor-
age disease” characterized by massive accumulation of TG in
various tissues. The analysis of CGI-58-deficient (Cgi-58"7)
mice, presented in this study, reveals a dual function of CGI-58
in lipid metabolism. First, systemic TG accumulation and severe
hepatic steatosis in newborn Cgi-58~/~ mice establish a limiting
role for CGI-58 in ATGL-mediated TG hydrolysis and supply of
nonesterified fatty acids as energy substrate. Second, a severe
skin permeability barrier defect uncovers an essential ATGL-
independent role of CGI-58 in skin lipid metabolism. The neo-
natal lethal skin barrier defect is linked to an impaired hydroly-
sis of epidermal TG. As a consequence, sequestration of fatty
acids in TG prevents the synthesis of acylceramides, which are
essential lipid precursors for the formation of a functional skin
permeability barrier. This mechanism may also underlie the
pathogenesis of ichthyosis in neutral lipid storage disease
patients lacking functional CGI-58.

Fatty acids (FA)® are major energy substrates and essential
components of membrane lipids as well as of numerous bioac-
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tive lipid species. Because excessive cellular concentrations of
nonesterified FA are toxic, eukaryotic cells detoxify them by
esterification to triacylglycerols (TG), which are subsequently
stored in cellular lipid droplets (LD). Adipose tissue is the major
storage organ for TG. However, some LD are found in essen-
tially all cell types and tissues. Depending on the nutritional
status and the energy demand of an organism, TG are synthe-
sized (lipogenesis) or catabolized (lipolysis). Defects in the con-
trol of the finely regulated balance between lipogenesis and
lipolysis result in the development of metabolic disorders such
as obesity, type II diabetes, lipodystrophy, and neutral lipid
storage disease (NLSD) (1-6).

Hydrolysis of TG is mediated by the enzymatic activity of
adipose triglyceride lipase (ATGL) (7-9) and hormone-sensi-
tive lipase (10, 11). Whereas hormone-sensitive lipase-deficient
mice exhibit a relatively benign phenotype (12, 13), mice lack-
ing ATGL massively accumulate TG in multiple tissues, exhibit
a severe defect in energy metabolism, and die prematurely due
to cardiac dysfunction (14). Similarly, humans with mutations
in the ATGL gene lacking normal enzyme function develop
NLSD associated with skeletal and cardiac myopathy (15). In
severe cases, cardiomyopathy necessitates heart transplanta-
tion (16).

Studies in this laboratory and by others demonstrated that
both human and murine ATGL are stimulated by a protein
designated as CGI-58 (comparative gene identification-58) (17,
18) or ABHD5 (a/B-hydrolase domain containing-5) (19).
Although the exact mechanism of the activation process is not
understood, CGI-58 is known to be part of the lipolytic complex
(20, 21). The protein binds to LD via interaction with proteins
of the PAT family (e.g. perilipin, adipophilin, or muscle LD pro-
tein) (22). Hormonal stimulation leads to dissociation of
CGI-58 from these binding partners and its translocation to the
proximity of ATGL (23, 24). In addition to ATGL activation,
CGI-58 was shown in in vitro experiments to acylate lysophos-
phatidic acid generating phosphatidic acid (25, 26). The physi-
ological role of this reaction in vivo is currently unknown.
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The importance of CGI-58 for TG catabolism in humans is
evident from clinical observations in patients affected with
mutations in the gene encoding CGI-58. Mutant versions of
CGI-58 fail to stimulate ATGL (17), and similarly to patients
with ATGL mutations, individuals with defective CGI-58 accu-
mulate TG in multiple tissues (15). However, the symptoms
exhibited by the two groups of patients differ in two important
ways. In contrast to patients with dysfunctional ATGL, CGI-58
mutations in humans are always associated with lamellar ich-
thyosis, a rare skin disorder, whereas myopathy, a hallmark of
patients with NLSD associated with skeletal and cardiac myop-
athy, is less commonly observed. Accordingly, the disorder
caused by defective CGI-58 was designated “neutral lipid stor-
age disease with ichthyosis (NLSDI)” (15), originally known as
Chanarin-Dorfman syndrome (1, 2).

To address the potential rate-limiting role of CGI-58 in the
regulation of cellular TG catabolism and to uncover currently
unknown molecular mechanisms leading to disease develop-
ment, we generated a CGI-58-deficient mouse model by dis-
ruption of exon 4 -7 (coding for amino acids 172-351 of the
mature protein), a gene region that has been linked to NLSDI
development in humans (17, 27). The observed phenotype of
CGI-58-deficient mice included the following: (i) growth retar-
dation, (ii) systemic TG accumulation in multiple tissues, and
(iii) an impaired development of the skin permeability barrier.

EXPERIMENTAL PROCEDURES

Generation of CGI-58-deficient Animals—A 3.5-kb CGI-58
intron 3 sequence was amplified by PCR using HM-1 genomic
embryonic stem (ES) cell DNA as template and cloned into
pBlueKS(—) (Stratagene, La Jolla, CA) to generate the 5 part of
the long arm of the targeting vector. The 3’ part of the long arm
of the targeting vector, a 6.0-kb genomic sequence encompass-
ing CGI-58 exon 4-7, was amplified by PCR and cloned into
pBlueKS(—). The 5’ and 3’ parts of the targeting vector were
cloned upstream and downstream of a single loxP sequence
flanked by compatible restriction sites. To generate the short
arm, a 2.0-kb CGI-58 DNA fragment downstream to exon 7 was
amplified and cloned into pBK-CMYV harboring a loxP-flanked
neomycin resistance cassette. Subsequently, the 3.2-kb DNA
fragment encompassing the selection cassette and the short
arm was cloned into the plasmid containing the long arm of the
targeting vector. A diphtheria toxin A cassette was introduced
5’ to the long arm to generate the final targeting vector. The
linearized targeting vector was transfected into HM-1 ES cells
by electroporation. G418-resistant clones were picked and
expanded. Clones that underwent homologous recombination
were transfected with a plasmid encoding Cre-recombinase
(28) to generate ES cell clones harboring a null CGI-58 allele.
Four independent clones were injected into 3.5-day-old
C57Bl/6 blastocysts and transferred into pseudo-pregnant
recipient mice. Chimeric animals with a high degree of coat
color chimerism were bred with C57Bl/6 mice. Germ line trans-
mission of the CGI-58 manipulated allele was observed by coat
color and verified by Southern and Northern blotting. Geno-
typing of mice was routinely performed by PCR analysis of tail
tip DNA using FIREPol® DNA polymerase (Solis BioDyne,
Tartu, Estonia) and three primers in a single reaction as follows:
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forward, 5'-GTC ATG GTT GTG GGG AAA TC-3'; reverse I,
5'-AGG AAG GGG TAT TCT GCA GG-3'; and reverse II,
5'-CTT CTT CCA GCT GCT TCT GC-3'. Atgl~’~ mice
(ATGL knock-out mice) were generated as described previ-
ously (14). Animals were housed in a pathogen-free barrier
facility (12-h light/dark cycle) and fed a standard laboratory
chow.

Southern and Northern Blot Analysis—Genomic DNA was
prepared with the DNeasy® blood and tissue kit (Qiagen Inc.,
Hilden, Germany) according to the manufacturer’s protocol.
For restriction fragment analysis, 10 ug of genomic DNA were
digested with EcoRI restriction enzymes. DNA fragments were
separated by agarose gel electrophoresis followed by depurina-
tion with 0.2 N HCI and denaturation with 0.5 N NaOH. After
neutralization with Tris-HCIl, pH 7.5, DNA was transferred
onto a Hybond-N" membrane (GE Healthcare) and hybridized
with a #*P-labeled probe. The external probe for DNA analysis
was generated by PCR from HM-1 genomic ES cell DNA using
the following primer pair: forward, 5'-GGA ATT CCC AGA
CGCCAGTGA CTA AGG-3',and reverse, 5'-GGA ATT CAA
CTCCTGCCTATCTCT GTG G-3'. The PCR primers intro-
duced the EcoRI restriction enzyme sites (underlined). The
PCR product was ligated into the respective restriction enzyme
site of pBlueKS(—) plasmid. For Northern blot analysis, total
RNA was isolated from mouse tissue using the TRI Reagent®
procedure according to the manufacturer’s protocol (Invitro-
gen). Ten ug of total RNA were resolved by formaldehyde/
agarose gel electrophoresis and blotted onto a Hybond-N™
membrane. Murine CGI-58 mRNA was hybridized with a **P-
labeled murine CGI-58 ¢cDNA probe generated by PCR from
epididymal adipose tissue as described previously (17). Gene-
specific probes for both Southern and Northern blot analysis
were labeled with [a-**P]dCTP (GE Healthcare) using the
Prime-a-Gene® DNA labeling kit according to manufacturer’s
protocol (Promega, Madison, WI). After hybridization and
washing, signals were visualized by exposure to PhosphorIm-
ager Screen (GE Healthcare).

Western Blot Analysis—15 ug of LD protein were separated
by 10% SDS-PAGE according to standard protocols (29), blot-
ted onto polyvinylidene fluoride membrane (Carl Roth GmbH,
Karlsruhe, Germany), and hybridized with a rabbit polyclonal
antiserum raised against murine CGI-58 (1:5,000 dilution;
kindly provided by Dr. Dawn L. Brasaemle). Specifically bound
immunoglobulins were detected in a second reaction using
horseradish peroxidase-conjugated anti-rabbit IgG antibody
(1:10,000 dilution) and visualized by enhanced chemilumines-
cence detection (ECL, GE Healthcare).

Murine Embryonic Fibroblast (MEF) Isolation and Ex-
periments—MEF were derived from E12.5-day-old Cgi-58 7~
(CGI-58 knock-out mice), Atgl ", and wild-type mouse
embryos and cultured on gelatinized plates in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 10% fetal bovine
serum, 100 IU/ml penicillin (Invitrogen), and 100 ug/ml strep-
tomycin. To investigate TG synthesis in MEF, confluent cell
layers of MEF (passage 4) were incubated in the presence of
oleic acid (200 and 400 um, respectively) bound to defatted BSA
at a molar FA/BSA ratio of 3:1. After 24 h, the medium was
removed; cells were washed twice with PBS, and the cellular TG
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content was measured as outlined below. For in vivo radiola-
beling of MEF TG stores, confluent cell layers were incu-
bated for 24 h with 400 uMm oleate (containing 2.5 uCi of
[9,10-*H]oleic acid/umol of oleate) bound to BSA at a molar
FA/BSA ratio of 3:1. LD were isolated and purified by density
gradient centrifugation as described previously (17). For
determining LD TG and protein concentrations, aliquots of LD
preparations were adjusted to a final concentration of 0.1%
(v/v) Triton X-100. TG and protein concentrations were mea-
sured using commercial kits (Thermotrace triglycerides rea-
gent, Thermo Electron Corp., Victoria, Australia, and Bradford
protein assay, Bio-Rad) and were found to be comparable in all
preparations (typically 80 ug of protein/umol of TG). The LD
TG hydrolase activities were determined by self-digestion of
purified LD as described previously (17).

Assay for Skin and Liver TG Hydrolase Activity—Full thick-
ness skin and liver were surgically prepared; subcutaneous tis-
sue was scraped off, and skin and liver tissue were washed in
ice-cold PBS supplemented with 100 units/ml heparin and 1
mM EDTA. Epidermis was separated from dermis by incubating
skin tissue in PBS containing 10 mM EDTA and 1 g/liter glucose
at 37 °C for 45 min. Homogenization of tissues was performed
on ice in buffer A (0.25 M sucrose, 1 mm EDTA, 1 mwm dithio-
threitol, 20 ug/ml leupeptin, 2 ug/ml antipain, 1 ug/ml pepsta-
tin, pH 7.0) using an Ultra Turax (IKAR, Janke & Kunkel, Ger-
many). After centrifugation at 20,000 X g and 4 °C for 30 min,
the infranatant was subjected to ultracentrifugation at
100,000 X gand 4 °C for 90 min. The TG-free infranatant was
assayed using a phospholipid-emulsified triolein (330 um) sub-
strate containing [9,10->H]triolein (PerkinElmer Life Sciences)
with or without addition of 200 ng of GST-tagged CGI-58
(GST-CGI-58) as described previously (17).

Lipid Analysis—Total lipids were extracted twice from
murine total carcass or tissue homogenates with chloroform/
methanol/glacial acetic acid (66:33:1, v/v), and phase separation
was achieved by the addition of water. Total lipids from MEF
were extracted three times in hexane/isopropyl alcohol (3:2,
v/v). After lipid extraction, tissue homogenates or MEF were
solubilized in 0.3 N NaOH, 0.1% (w/v) SDS at 65 °C for several
hours, and the protein content was determined using BCA rea-
gent (Pierce) and BSA as standard. For the extraction of
covalently bound lipids, the alkaline-hydrolyzed samples were
extracted with chloroform/methanol/glacial acetic acid
(66:33:1, v/v). After centrifugation (1,400 X g, 15 min), the
lower organic phase was collected, and lipids were analyzed as
described below.

Lipids were dried, reconstituted in chloroform, and spotted
onto a Silica Gel 60 plate (Merck). Neutral lipids were resolved
in hexane/diethyl ether/glacial acetic acid (70:29:1, v/v) with
authentic standards. Epidermal ceramide species were sepa-
rated twice using chloroform/methanol/glacial acetic acid (190:
9:1v/v/v) as solvent system (30). Spots were visualized by estab-
lished carbonization method or with iodine vapor, and
radioactivity was measured by liquid scintillation counting.
Dried lipids of murine tissues or MEF were redissolved in 1%
(v/v) Triton X-100, and TG content was measured using Infin-
ity triglycerides reagent (Thermo Electron Corp., Victoria,
Australia).
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w-Hydroxyceramides (w-OH-ceramides), acylceramides,
and phospholipids were analyzed by tandem mass spectrome-
try (MSMS) using a Quantum TSQ (Thermo), coupled to an
Accela ultra performance liquid chromatography (UPLC) sys-
tem (Thermo). The column was a Thermo Hypersil GOLD,
100 X 1 mm (1.9 wm), and operated at 50 °C. Water (solvent A)
and acetonitrile/isopropyl alcohol (5:2, v/v, solvent B), both
containing 1% of NH,Ac (1 M aqueous solution) and 0.1% for-
mic acid, were used as solvent system. The gradient started with
35% solvent B, increased to 70% within 4 min, then to 100%
within 16.5 min, and remained at 100% for 9.5 min. After the
analysis, the column was equilibrated at starting conditions for
5 min. The flow rate was 0.250 ml/min. lonization was per-
formed by a heated electrospray ionization operating in the
positive ion mode with a spray voltage of 4,000 V. Ceramide
species were identified by a precursor ion scan for the charac-
teristic fragment at m/z 264.3. Argon was used as collision gas.
The collision energy was set to 30 V for analyses of w-OH-cer-
amides and to 50 V for acylceramides. Collision gas pressure
was 0.7 millitorr. Samples were diluted with solvent B, and
N-(dodecanoyl) sphing-4-enine (Avanti Polar Lipids Inc., Ala-
baster, AL) was added as an internal standard. Phosphatidyl-
choline species were measured by a precursor ion scan for the
characteristic fragment at m/z 184.1 and 30 V collision energy.
Phosphatidylethanolamine species were measured by a neu-
tral loss scan for m/z 141.0 and 25 V collision energy.
Phosphatidylcholine and phosphatidylethanolamine 24:0 (12:
0/12:0, Avanti Polar Lipids Inc.) were added as internal stan-
dard, respectively.

Labeling of Epidermal Lipids—Radiolabeling of lipid species
in the epidermis was performed as described for cultured skin
fibroblasts (31). In brief, dorsal 3 X 3-mm sized epidermal
sheets were incubated in DMEM containing 1% (w/v) delipi-
dated BSA and 400 um oleate (12.5 wCi/umol oleate) bound to
delipidated BSA at a molar FA/BSA ratio of 3:1. After 5 h, epi-
dermal sheets were washed with PBS and chased in the pres-
ence or absence of 20 uM orlistat in DMEM containing 1% (w/v)
delipidated BSA. At various time points, epidermal sheets were
washed, and lipids were extracted with chloroform/methanol/
glacial acetic acid (66:33:1, v/v), separated by TLC, and mea-
sured as described above.

Blood Chemistry—Anesthetized newborn mice were sacri-
ficed by decapitation. Blood samples were collected using a
Microvette® CB 300 (Sarstedt, Niimbrecht, Germany). Plasma
FA and TG concentrations were determined using commercial
kits (Wako Chemicals, Neuss, Germany; Thermo Electron
Corp., Victoria, Australia). Blood glucose levels were measured
using blood glucose strips and the Accu-Check glucometer
(Roche Diagnostics).

Histology, Immunohistochemistry, and Electron Microscopy—
Skin pieces were fixed overnight in 4% neutral buffered forma-
lin and embedded in paraffin, cut into 4 — 6-um-thick sections,
and stained with hematoxylin and eosin using established pro-
tocols. For visualization of vacuoles within granulocytes, blood
smears from newborn mice were stained by combined May-
Grunwald-Giemsa according to established protocols. To visu-
alize neutral lipids in liver tissue, tissue samples were snap-
frozen in liquid nitrogen, sectioned, and stained with Sudan III
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following a standard protocol. For determination of keratino-
cyte differentiation and proliferation, antibodies against cyto-
keratin 14 (CK14, Novocastra Laboratories, Newcastle upon
Tyne, UK), cytokeratin 6 (CK6, Covance Inc., Emeryville, CA),
fillagrin (Fila, Covance), and Ki67 (Novocastra) were evaluated
for use on formaldehyde-fixed paraffin-embedded tissue spec-
imens using different methods of pretreatment. Tissue sections
were deparaffinized by xylene, rehydrated in graded alcohols,
and submitted to microwave epitope retrieval (40 min at 150
watts in 0.01 M sodium citrate buffer, pH 6.0). After treatment
in 1% H,O, for 10 min, sections were incubated for 1 h using
Dako antibody-diluent (Dako, Vienna, Austria). Final dilutions
were as follows: cytokeratin 14 (1:50), cytokeratin 6 (1:500),
fillagrin (1:500), and Ki67 (1:500). After enhancement using
MultiLink Dako (E0453) diluted 1:100 and StreptABCom-
plex/horseradish peroxidase Dako (K0377) diluted 1:100 for
30 min each, detection was performed using AEC Substrate
Chromogen Ready-to-Use (Dako K3464) under microscopic
control. For electron microscopy, tissue was fixed in 2.5%
glutaraldehyde in 0.01 M cacodylate buffer, pH 7.3, dehy-
drated, and embedded in resin (AGAR-100, Agar Scientific,
Essex, UK). 50-nm-thick sections were contrasted with ura-
nyl acetate/lead citrate and studied in a Philips CM 100 elec-
tron microscope.

Skin Permeation Assay and Skin Grafts—Newborn mice were
euthanized, immersed in PBS containing 0.1% toluidine blue
(Sigma) for 4 h, and photographed (32). Full-thickness skin
pieces (~1 cm?) from newborn wild-type and Cgi-58 "~ mice
were grafted onto the left and right sides of athymic nude mice
(Charles River Laboratories, Sulzfeld, Germany). Wound edges
were sutured. After 3 weeks, the grafted skin was investigated
for hair growth, and sections were stained for differentiation
markers as described above.

Statistical Analysis—Statistical significance was determined
by the Student’s unpaired ¢ test (two-tailed). Group differences
considered significant for p < 0.05 (*), p < 0.01 (**), and p <
0.001 (***).

RESULTS

Generation of CGI-58-deficient Mice—To investigate the
physiological role of CGI-58 in vivo, we generated mice lacking
functional CGI-58. For that purpose, we designed a targeting
vector harboring a loxP-flanked neomycin resistance gene cas-
sette (neo) downstream to the polyadenylation sequence and an
additional loxP recombination site in intron 3 of the murine
cgi-58 gene (Fig. 1A). This vector was electroporated into ES
cells. Cells that underwent homologous recombination were
selected and subsequently transfected with a plasmid encoding
Cre-recombinase. ES cell clones harboring a CGI-58 null allele
were used for blastocyst injection to generate CGI-58-deficient
mice. Southern blot analysis of mouse genomic DNA con-
firmed the disruption of the Cgi-58 gene (Fig. 1B). Cgi-58 7~
mice showed no expression of CGI-58 mRNA analyzed by
Northern blotting (Fig. 1C). Mice heterozygous for the targeted
allele exhibited ~50% reduced CGI-58 mRNA expression levels
compared with wild-type mice. CGI-58 protein levels in Cgi-
58"/~ mice were analyzed by Western blot analysis of LD pro-
teins isolated from newborn mice (Fig. 1D). Using a polyclonal
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rabbit anti-CGI-58 antiserum, wild-type and heterozygous Cgi-
58"~ mice exhibited a signal specific for CGI-58 protein at the
expected molecular mass of 39 kDa, which was not detectable in
Cgi-58~7 mice.

Growth Retardation, Postnatal Death, and NLSD with Ich-
thyosis in Mice Lacking CGI-58—Cgi-58 7~ mice died within
16 h after birth, were smaller, and weighed less than wild-type
littermates (Fig. 2A and Table 1). Genotype analysis of 1042
newborn animals from 143 heterozygous intercrosses dem-
onstrated normal Mendelian distribution of the mutant
CGI-58 allele (wild-type 253, 24.3%; heterozygous 535,
51.3%; Cgi—587/7 254, 24.4%; p < 0.001 by x? test). The lack
of CGI-58 was associated with ectopic lipid accumulation as
evident from increased TG content in carcasses (1.8-fold,
Fig. 2B) and granulocyte vacuolization (Jordans’ anomaly)
(Fig. 2C) (33). Histological analysis of Cgi-58 /" epidermis
exhibited hyperkeratosis characterized by tightly condensed
lamellar sheets in the stratum corneum and increased num-
bers of cell layers in the stratum spinosum (Fig. 2D). These
alterations are characteristics for lamellar ichthyosis and
indicate that mice with defective CGI-58 develop a condition
similar to human NLSDI.

Circulating energy substrates were markedly decreased in
Cgi-58~7" mice (Table 2). Although plasma concentrations of
FA, TG, and glucose in heterozygous Cgi-58""~ mice were
comparable with those in wild-type mice, they were decreased
by 60, 48, and 74% in Cgi-58 /"~ mice, respectively. Considering
that the marked hypoglycemia may cause the early death of
Cgi-58 7~ mice, glucose was injected to transiently raise
plasma glucose levels. However, this treatment did not rescue
Cgi-58~7 mice from premature death. Similarly, increasing
humidity and application of Vaseline® to the skin of newborns
to prevent desiccation of the animals failed to significantly pro-
long the life span of Cgi-58~"" mice.

CGI-58 Is Rate-limiting in MEF TG Catabolism via Activa-
tion of ATGL Enzyme Activity—T o define the impact of CGI-58
deficiency on cellular TG metabolism, we isolated MEF from
E12.5-day-old Cgi-58 7", Atgl™’~, and wild-type embryos and
incubated these cells with increasing concentrations of oleic
acid to induce lipogenesis. TG accumulation was increased in
both Cgi-58 7~ and Atgl ”~ MEF (1.6- and 1.9-fold, respec-
tively, at 400 uM oleic acid) compared with wild-type MEF (Fig.
3A). Concomitantly, the LD-associated TG hydrolase activities
of Cgi-587"" and Atgl "~ MEF were decreased by 76 and 81%,
respectively, compared with wild-type MEF (Fig. 3B). Defective
lipolysis was partially rescued by addition of purified, recombi-
nant GST-CGI-58 to LD of Cgi-58~/~ MEF (Fig. 3B) but not of
Atgl™”~ MEF. Taken together, these findings suggest that
excessive lipid storage in Cgi-58 7~ MEF is caused by defective
activation of ATGL-mediated TG hydrolysis.

Hepatic Steatosis in Cgi-58 7~ Mice Is Associated with
Impaired TG Catabolism—To address the role of CGI-58 in
liver TG catabolism, we measured TG concentrations and
TG hydrolase activities in liver lysates from newborn Cgi-
5877, Atgl~’~, and wild-type mice. Liver TG contents (Fig.
4A) were markedly increased in Cgi-58 7~ (4.1-fold) and
Atgl™’~ mice (4.6-fold) compared with wild-type newborns.
Sudan III staining of histological liver sections from

JOURNAL OF BIOLOGICAL CHEMISTRY 7303



CGI-58 Deficit Impairs Hepatic and Epidermal TG Catabolism

A <— ~5.7kb —>

wild-type allele [3]

I:—rn

targeting vector [Dta | ——fso 7 neo p—-
I

E . .
l homologous recombination

E
E

I
& 7 e P |

l Cre-mediated recombination

targeted allele

Eo

f ¢+——— ~86kb —> E
|

> I

Southern probe
Southern probe

-
null allele 13

B C
genotype +/+ +/- /- genotype  +/+ +/- -/-
< ~32kb
RNA blot
" < ~8.6 kb (null) < ~1.4kb
' - | € ~5.7 kb (wild-type)
: < 28S rRNA
EtBr stain
. <« 18S rRNA

D

genotype +/+ +/- /-

— < CGI-58
-

<« 37 kDa

N

CB stain gy, S

FIGURE 1. Targeting strategy and generation of CGI-58-deficient mice. A, homologous recombination of the targeting vector with the wild-type allele
resulted in the introduction of a loxP site () into intron 3 and a neomycin resistance gene cassette flanked by loxP sites into the downstream sequence of exon
7. Subsequent Cre-recombinase-mediated recombination among the distal loxP sites resulted in the deletion of exons 4-7. The targeted allele was identified
by EcoRlI (E) restriction digest and hybridization with an external Southern probe (solid bar) revealing an 8.6-kb DNA fragment. B, DNA from newborn mice was
restriction-digested with EcoRl and analyzed by Southern blotting using an external probe specific for the downstream region of the Cgi-58 gene. Autoradiog-
raphy signals obtained from DNA fragments of 5.7 and 8.6 kb corresponded to wild-type (+) and targeted CGI-58 (—) alleles, respectively. C, Northern blotting
analysis of CGI-58 mRNA expression levels was performed with total carcass RNA using a probe specific for the coding sequence of CGI-58. RNA gel was stained
with ethidium bromide (EtBr) as loading control. D, Western blotting analysis of CGI-58 protein expression levels was performed with proteins of carcass lipid
droplets using a rabbit polyclonal CGI-58 antiserum. Polyvinylidene fluoride membrane was stained with Coomassie blue (CB) as loading control.
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TABLE 1

Comparison of size and weight of newborn wild-type, Cgi-58*/~, and
Cgi-58~'~ mice

Data are means = S.D. (n = 14). Statistical significance was determined by the
two-tailed Student’s ¢ test.

Wild type Cgi-58*"~ Cgi-58~"~
Length (mm) 30.4 £ 0.63 30.2 £0.75 25.6 = 0.65%
Weight (g) 1.36 £ 0.090 1.36 £ 0.102 1.09 * 0.088*

“ Statistical significance was determined by the two-tailed Student’s ¢-test, p <
0.001.

TABLE 2

Comparison of blood parameters in newborn wild-type, Cgi-58*/~,
and Cgi-58~'~ mice

All parameters were measured 1014 h postpartum. Data are means * S.D. (n =
5-6).

Wild type Cgi-58*"~ Cgi-58~"~
FA (mmol/liter) 0.50 = 0.076  0.46 = 0.104  0.20 = 0.038"
TG (mg/deciliter) 69.7 + 1131 600 + 14.18  36.2 = 8.87"
Glucose (mg/deciliter) 67 + 8.2 61 + 6.6 16 * 5.6%

“ Statistical significance was determined by the two-tailed Student’s ¢ test, p < 0.01.
b Statistical significance was determined by the two-tailed Student’s  test, p < 0.001.

Cgi-58 7 and Atgl~”~ newborns confirmed an increase of
neutral lipid content (Fig. 4B). In parallel, liver TG hydrolase
activities (Fig. 3C) were significantly decreased in Cgi-58 7~
(—73%) and Atgl " mice (—46%). The addition of recombi-
nant GST-CGI-58 (Fig. 4C) substantially stimulated TG hy-
drolysis (8.6-fold) in CGI-58-deficient liver lysates and
exceeded wild-type TG hydrolase activities (1.7-fold). In
contrast, addition of recombinant GST-CGI-58 to ATGL-
deficient liver lysates caused a marginal increase in TG
hydrolase activities (1.2-fold).

Defective Skin Permeability Barrier and Keratinocyte Differ-
entiation of CGI-58-deficient Skin—T o assess whether the dis-
tinct morphological alterations particularly in the stratum
corneum of the Cgi-58 " epidermis (Fig. 2D) are associated
with a loss of the skin permeability barrier function, we
investigated the penetration of an aqueous toluidine blue
solution into the epidermis of newborn mice. Cgi-58™"~
mice showed massive staining when exposed to toluidine
blue for 4 h indicating a leaky skin barrier (Fig. 54). Wild-
type or Atgl~’~ pups were completely resistant to toluidine
blue permeation consistent with an intact skin barrier
function.

Immunohistochemical analysis of the epidermis revealed
delayed keratinocyte differentiation in Cgi-58 7~ compared
with wild-type mice (Fig. 5B). In the healthy skin, cytokeratin
14, a marker of proliferating basal keratinocytes, was almost
exclusively present in basal cells of the squamous epithelium.

FIGURE 2. Murine CGI-58 deficiency causes NLSD with ichthyosis. A, pho-
tograph of newborn wild-type and Cgi-58 "~ mice. Note the glossy dry skin,
the smaller size of the body, and necrotic tail tip. B, carcasses of newborn
wild-type, Cgi-58 ", and Atgl~’~ mice were homogenized, and lipids were
extracted. The TG content was determined enzymatically and normalized to
body weight. Data are means = S.D. (n = 4-6). Statistical significance was
determined by the two-tailed Student’s t test (***, p < 0.001). C, peripheral
blood smear of Cgi-58 "~ newborn was stained with May-Griinwald-Giemsa.
Arrows indicate granulocyte vacuolization (Jordans' anomaly). D, skin sec-
tions of newborn wild-type and Cgi-58 "~ mice were stained with hematox-
ylin/eosin for light microscopy (upper panel, scale bars represent 20 um) or
contrasted with uranyl acetate/lead citrate for transmission electron micros-
copy at X 5,000 magnification (lower panel).
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FIGURE 3. MEF lacking CGI-58 and ATGL accumulate TG and exhibit
reduced TG hydrolase activity. A and B, wild-type, Cgi-58 ", and Atgl~/~
MEF were incubated in the absence or presence of oleic acid (OA, 200 and 400
uMm, respectively) to promote cellular TG accumulation (A) or with [9,10-
*Hloleate for determination of LD-associated TG hydrolase activity (B). After
24 h, cellular TG content was determined enzymatically (A) or radiolabeled LD
were purified by gradient ultracentrifugation, and TG hydrolase activity was
determined by self-digestion in the absence or presence of recombinant puri-
fied GST-CGI-58 as described previously (17) (B). Data are means = S.D. and
representative for three independent experiments. Statistical significance
was determined by the two-tailed Student’s t test (¥, p < 0.05; **, p < 0.01; **¥,
p < 0.001).

In Cgi-58 7 skin sections, cytokeratin 14 staining was much
more diffuse reaching into upper layers of the stratum spi-
nosum. Cytokeratin 6 is usually expressed in the outer root
sheath of hair follicles and nail beds and not detected in the
interfollicular epidermis. Increased cytokeratin 6 expression
is typically observed in hyper-proliferating epithelia or aber-
rant epidermal differentiation as seen in ichthyosis and
psoriasis (34). Consistent with this defect, pronounced
cytokeratin 6 protein was observed in the epidermis of Cgi-
5877~ but not in wild-type skin. Fillagrin, a marker for ter-
minally differentiated keratinocytes, was barely detectable in
Cgi-58 7~ sections but clearly visible in wild-type skin sam-
ples. Notably, the localization of the cell proliferation
marker Ki67 (35) was not changed in Cgi-58 7~ compared
with wild-type epidermis (Fig. 5B, lowest panel). Taken
together, the immunohistochemical analysis revealed that
CGI-58 deficiency results in delayed keratinocyte differenti-
ation and corneocyte formation, which may contribute to
the dysfunctional stratum corneum.

To investigate whether the skin defect is specifically
caused by the lack of CGI-58 in the skin and not by a defect of
the metabolite supply from the circulation, we transplanted
Cgi-58/~ skin grafts onto nude mice. As shown in Fig. 64,
Cgi-58 7" transplants exhibited severe growth retardation
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and lacked fur development on the recipient organism. In
comparison, control grafts derived from wild-type newborns
developed normally on nude mice. Thus, the lack of CGI-58
in the transplanted skin cannot be compensated by physio-
logical CGI-58 expression and function in tissues of the
recipient organism. As shown in the skin sections of new-
born Cgi-58 7~ mice, cytokeratin 14 staining, typically
observed in the basal layer of the epidermis, and cytokeratin
6 staining were present in an extended area of Cgi-58~"~ skin
grafts (Fig. 6B). Apparently, defective skin development due
to the absence of CGI-58 reflects a direct requirement for the
protein in the skin and is not caused by systemic CGI-58
deficiency.

Impaired Skin TG Catabolism Affects Generation of Essential
Epidermal Lipids in the Cgi-58/~ Epidermis—Epidermal dif-
ferentiation is known to involve remodeling of lipid stores and
synthesis of certain lipid classes such as acylceramides, wax
esters, and phospholipids. Because CGI-58 plays a central role
in TG catabolism of several tissues and cell types, we hypothe-
sized that inadequate generation of TG metabolites in CGI-58-
deficient skin could impact keratinocyte differentiation and
permeability barrier function. Therefore, we determined the
TG content in the skin of newborn Cgi-58 7", Atgl~’~, and
wild-type mice. Both dermal and epidermal TG contents were
significantly increased in Cgi-58~"~ (1.5- and 2.0-fold, respec-
tively) and Atgl~”~ (1.6- and 1.3-fold, respectively) compared
with wild-type skin (Fig. 7A). Consistent with the elevated der-
mal TG levels, TG hydrolase activities were markedly decreased
in dermal lysates of both Cgi-58 7~ (—51%) and Atgl "~
(—52%) mice compared with those of wild-type mice (Fig. 7B).
Notably, although epidermal TG hydrolase activities were dras-
tically decreased in lysates of Cgi-58 "~ animals (—81%), they
were completely unaffected in lysates of Azg/ "~ mice. Addition
of recombinant GST-CGI-58 significantly improved both epi-
dermal and dermal TG hydrolase activities in lysates of Cgi-
587" mice but did not affect TG hydrolysis of Atgl "~ samples
(data not shown). These findings are in line with the concept
that in wild-type epidermis a “non-ATGL” TG hydrolase is
active in a manner that depends on CGI-58 stimulation.

Acylceramides are obligatory precursors for the covalent
binding of w-OH-ceramides to corneocyte proteins (predomi-
nantly involucrin) and the formation of a water-resistant struc-
ture in the stratum corneum, also designated as cornified lipid
envelope (CLE) (36). To investigate whether the skin barrier
defect in Cgi-58 7~ mice is linked to changes in epidermal cer-
amide metabolism, we measured the concentrations of w-OH-
ceramides covalently bound to the CLE, free extractable,
unbound w-OH-ceramides, and acylceramides in the epidermis
of newborn Cgi-58~"~, Atgl~"~, and wild-type mice by UPLC-
MSMS. All species of covalently bound w-OH-ceramides were
drastically decreased (supplemental Fig. S14) in Cgi-58~"~ epi-
dermis. The total of covalently bound w-OH-ceramides (as
calculated from the sum of individual covalently bound w-OH-
ceramide species) was decreased by 85 and 84% in Cgi-58 7~
epidermis compared with wild-type and Atgl~"~ epidermis,
respectively (Fig. 8A4). In contrast, free w-OH-ceramide
species, which were barely detectable in wild-type and Atgl—"~
mice, were substantially increased in Cgi-58 7~ samples
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FIGURE 4. TG accumulation and defective TG catabolism in CGI-58-deficient mice. A, livers of newborn
wild-type, Cgi-58/~, and Atgl~’~ mice were homogenized, and lipids were extracted. The TG content was
determined enzymatically and normalized to tissue weight. Data are means *+ S.D. (n = 5). B, liver sections of
newborn wild-type, Cgi-58~"~, and Atgl~’~ mice were stained with Sudan lll/hematoxylin and analyzed by
light microscopy. Scale bars represent 50 um. C, TG hydrolase activities of liver lysates from newborn wild-type,
Cgi-58/~,and Atgl~’~ mice were determined in the absence or presence of recombinant purified GST-CGI-58
using phospholipid-emulsified triolein substrate, containing [9,10-*H]triolein as tracer. Release of radiolabeled
FA was determined by liquid scintillation counting. Data are means = S.D. (n = 5) and representative for three
independent experiments. Statistical significance was determined by the two-tailed Student’s t test (*, p <

0.05; **, p < 0.01; *** p < 0.001).

(supplemental Fig. S1B). The total of free w-OH-ceramide species
was 13.5-fold higher in Cgi-58~~ epidermis compared with wild-
type samples and 9.3-fold higher compared with Atgl "~ samples
(Fig. 84). Strikingly, acylceramides were undetectable in the Cgi-
58/~ epidermis (Fig. 84 and supplemental Fig, S1C).
Acylceramides are generated by esterification of free w-OH-
ceramides with primarily oleic or linoleic acid (36). Whether
oleic or linoleic acid originates from the cellular nonesterified
FA or the LD TG pool is currently unknown. We hypothesized
that the impaired TG hydrolase activity and consequently the
decreased release of oleic acid from the TG pool in Cgi-58 "~
epidermis may prevent acylceramide formation. To test this
hypothesis, we analyzed the incorporation of exogenously
added oleic acid into acylceramides of epidermal sheets derived
from newborn Cgi-58~"~ and wild-type mice in vitro. After 5 h
of pulse labeling with 400 um oleate (including [9,10->H]oleate
as tracer), epidermal sheets were chased for a period of 6 h, and
radioactivity in the TG, phospholipid (phosphatidylcholine and
phosphatidylethanolamine), and acylceramide fractions was
measured (Fig. 8, B-D). Under these conditions, the radioac-
tivity in the TG pool of wild-type epidermal cultures
declined (Fig. 8B), whereas it increased in both the phospho-
lipid (Fig. 8C) and acylceramide fractions (Fig. 8D) over time.
In contrast, in Cgi-58 7~ epidermis the radioactivity
remained in the TG pool, consistent with the concept that
oleic acid is not released from TG and becomes trapped
within LD. Accordingly, the transfer of labeled oleic acid to
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cies were unchanged in the epider-
mis of Cgi-58 7~ as compared
with wild-type and Atgl™"~ mice.

To confirm the crucial role of epi-
dermal TG catabolism for acylcera-
mide synthesis, we measured the
transfer of oleic acid from TG to
acylceramides of wild-type tissue
cultures in the absence or presence
of orlistat, a potent lipase inhibitor
impairing TG hydrolysis (Fig. 8,
E-G) (37). Similarly as observed in
Cgi-58/~ epidermis, the TG catab-
olism was impaired in the presence
of orlistat, and no transfer of radioactivity from TG to phospho-
lipids and acylceramides was observed (Fig. 8, Fand G). In con-
trast, in the absence of orlistat the radioactivity in the TG frac-
tion decreased, whereas the incorporation of radioactivity into
phospholipids and acylceramides increased (Fig. 8, Fand G). As
orlistat shows little or no effect on phospholipase activities (37),
these findings further demonstrate the essential role of epider-
mal TG catabolism for acylceramide synthesis and the develop-
ment of an intact skin permeability barrier.

DISCUSSION

To elucidate the physiological function of CGI-58 in lipid
homeostasis and skin development, we generated and char-
acterized a CGI-58 knock-out mouse model. We show that
Cgi-5877" mice exhibit growth retardation, systemic TG
accumulation in multiple tissues, and hepatic steatosis. They
display severely reduced plasma TG, FA, and glucose levels.
Notably, the animals suffer from impaired development of
the skin permeability barrier resulting in rapid dehydration.
Because newborn mice virtually exhibit no white adipose
tissue, they are dependent on suckling maternal milk. How-
ever, Cgi-58 7~ mice did not suckle. The severe skin pheno-
type combined with profound alterations in energy supply
leads to the early death of Cgi-58 7~ animals within 1 day
after birth.

CGI-58 was previously shown to markedly increase TG
hydrolase activity of ATGL (17). Consistent with these
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FIGURE 5. CGI-58 deficiency disrupts the epidermal permeability barrier
and affects keratinocyte differentiation. A, euthanized newborn wild-type,
Cgi-58/~, and Atgl™’~ mice were immersed for 4 h in toluidine blue dye
solution, rinsed with PBS, and photographed. B, skin sections of newborn
wild-type and Cgi-58 /" mice were stained with antibodies specific for cytok-
eratin 14 (CK14), cytokeratin 6 (CK6), fillagrin (Fila), or Ki67 and analyzed by
light microscopy. Scale bars represent 50 um.

in vitro observations, Cgi-58 /" mice exhibited increased
TG contents in the whole carcass, the liver, and cultured
MEF. The magnitude of lipid accumulation in newborn CGI-
58-deficient animals or cultivated cells was similar to that
observed in ATGL-deficient mice. Comparative analysis of
TG storage and LD-associated TG hydrolase activities in
Cgi-58 7 and Atgl ”~ MEF revealed that a defect in ATGL
activation accounts for excessive neutral lipid storage.
Accordingly, CGI-58 exhibits a crucial role in cellular TG
homeostasis and energy catabolism via its impact on regu-
lating ATGL activity. Unfortunately, the lethal phenotype
within hours after birth prevented an extensive characteriza-
tion of the metabolic consequences of systemic lipid accu-
mulation, such as energy substrate utilization or insulin
response. Elucidation of the tissue-specific effects of CGI-58

7308 JOURNAL OF BIOLOGICAL CHEMISTRY

A wild-type Cgi-58-/-
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FIGURE 6. Impaired hair growth and skin development of Cgi-58~'~ skins
grafted onto nude mice. Aand B, wild-type and Cgi-58 " skins were grafted
onto nude mice and photographed after 3 weeks (A) or sections of grafted
skin were stained with antibodies specific for cytokeratin 14 (CK14) or cyto-
keratin 6 (CK6) and analyzed by light microscopy (B). Scale bars represent 500
um. Results are representative for four independent transplantation
experiments.

in these processes will thus require the characterization of
conditional CGI-58 knock-out mice.

Newborn Cgi-58 7" mice exhibited an increased hepatic TG
content compared with wild-type mice suggesting a role of
CGI-58 in the regulation of the hepatic fat content. Hepatoste-
atosis was associated with markedly lower TG hydrolase activ-
ities in liver lysates of CGI-58-deficient mice than those of wild-
type animals. Hepatic TG levels and lipolytic activities were
similar to those in newborn Atgl~’~ mice. In contrast to
Atgl™’" liver samples, however, the TG hydrolase activities of
Cgi-58"" liver samples could be completely restored by the
addition of recombinant GST-CGI-58. These findings indicate
that the lipolytic defect originates predominantly from reduced
ATGL activity in the liver rather than the action of a non-ATGL
liver lipase. The results are also consistent with data showing
that CGI-58 affects cellular TG catabolism and the synthesis of
very low density lipoproteins in cultured hepatoma cell lines
(38, 39).

In addition to its function in activating ATGL, CGI-58 was
shown to operate as a lysophosphatidic acid acyltransferase
(LPAAT) in vitro (25, 26). This finding correlates with previous
studies showing that fibroblasts of patients affected with
NLSDI exhibit a defect in the remodeling of TG to glycerophos-
pholipids (31). Whether LPAAT activity is impaired in tissues
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FIGURE 7. Dermis and epidermis of Cgi-58 '~ mice accumulate TG and
exhibit impaired TG hydrolase activity. A, skins of newborn wild-type,
Cgi-58/~,and Atgl~’~ mice were surgically removed. Epidermis was sep-
arated from dermis and epidermal and dermal lipids were extracted for
determination of TG content. B, TG hydrolase activities of epidermal and
dermal lysates from newborn wild-type, Cgi-58/~,and Atgl™’~ mice were
determined using phospholipid-emulsified triolein substrate, containing
[9,10-3H]triolein as tracer. Release of radiolabeled FA was determined by
liquid scintillation counting. Data are means = S.D. (n = 6-8) and repre-
sentative for three independent experiments. Statistical significance was
determined by the two-tailed Student’s t test (¥, p < 0.05; ***, p < 0.001).

and cells of NLSDI patients has not been directly examined.
However, CGI-58 mutations causing NLSDI exhibited normal
LPAAT activity in vitro (25). This finding questions a causative
role for defective CGI-58-mediated LPAAT activity in NLSDI
development. In our animal model for NLSDI, total LPAAT
activity was unaffected in whole liver or skin lysates of CGI-58-
deficient mice (data not shown). A causal relationship between
LPAAT deficiency and excessive neutral lipid accumulation in
CGI-58-deficient mice and humans also seems unlikely in a
metabolic context. LPAAT activity is required for the forma-
tion of phosphatidic acid, which is a prerequisite for the synthe-
sis of both TG and glycerophospholipids (40, 41). Consistent
with defective TG synthesis, patients that lack specific isoforms
of LPAAT activity (e.g 1-acylglycerol-3-phosphate O-acyl-
transferase 2 deficiency) suffer from the absence of TG in cells
and develop severe lipodystrophy (42, 43), whereas Cgi-58 "~
mice and patients with NLSDI are characterized by excessive
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lipid deposition in multiple tissues. However, it is conceivable
that this activity is specific to a certain cellular compartment
(e.g. LD or lamellar bodies) and/or substrate (e.g. w-OH-cera-
mide species, retinol, etc.) and therefore masked by the total
cellular LPAAT activity.

The severe skin defect in Cgi-58~"~ mice originates from an
ATGL-independent mechanism, because mice and humans
lacking ATGL activity do not develop ichthyosis (14, 15).
Transplantation experiments of CGI-58-deficient skin onto
nude mice proved that the defect was inherent to the skin
and not the result of systemic metabolic alterations. To illu-
minate the function of CGI-58 in the skin, we analyzed its
involvement in TG metabolism. In the dermis, the TG con-
tent was increased and TG hydrolase activity was decreased
to a similar extent in Cgi-58~ and Atgl~’~ mice compared
with wild-type samples, consistent with the view that dermal
TG catabolism is predominantly mediated by ATGL. In
contrast, TG content in the epidermis was much higher in
Cgi-58"7" mice than in Atgl~’~ and wild-type animals. Con-
versely, TG hydrolase activity was substantially lower in Cgi-
587" epidermal lysates than in wild-type and Atgl™"~
lysates. Defective epidermal lipolysis in the absence of
CGI-58 led to an impaired TG turnover and FA release from
cellular LD, as evident from pulse-chase experiments. These
findings are consistent with the observation that NLSDI
patients lacking functional CGI-58 accumulate TG-enriched
LD in the epidermis of their skin (27). Considering that
CGI-58 itself lacks TG hydrolase activity, we conclude that
in addition to ATGL a lipase in the skin exists, which hydro-
lyzes epidermal TG. The results also imply that analogously
to ATGL, this currently unknown enzyme requires CGI-58
for full activity. The existence of at least two separate neutral
skin lipases, one specific for short chain TG and the other
specific for long chain TG, was predicted earlier (44). A
recent study surveyed human genes implicated in epidermal
barrier function and presented a list of several potential can-
didates for the postulated epidermal TG lipase(s) on the
basis of microarray expression profiling (45). The list
included patatin protein family members, lipase-like genes,
esterase/carboxyl esterases, and a/B-hydrolase domain con-
taining protein family members. Whether any of these can-
didates are CGI-58-activated TG hydrolases with substrate
specificity for long chain FA remains to be determined.

This study demonstrates a direct link between epidermal TG
catabolism and the formation of a functional CLE. The forma-
tion of the CLE involves the covalent binding of w-OH cera-
mides to the protein mantle of corneocytes (46). A multiple step
remodeling pathway of the ceramide ligand precedes the lipid-
protein bonding. According to the current concept, w-OH-cer-
amides derive from the w-hydroxylation of very long chain FA
(presumably by a cytochrome P450-mediated process) and
their subsequent amide formation with sphingol, a precursor of
ceramides (36). w-OH-ceramides are then acylated by esterifi-
cation of the w-OH group with oleic or linoleic acid. The result-
ing acylceramides are glycosylated by glucosylceramide syn-
thase and bonded to the carboxyl termini of involucrin, by a
process that involves several enzymes, including transglutami-
nase-1 and B-glucocerebrosidase (36). Our data show that in
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FIGURE 8. Acylceramide formation is impaired in Cgi-58'~ epidermis. A, epidermal lipids were
extracted from newborn wild-type, Cgi-58 7, and Atgl~’~ mice. Free w-OH ceramides and acylceramides
were analyzed by UPLC-MSMS. Covalently bound »-OH ceramides of the extracted epidermises were
released by mild alkaline hydrolysis and analyzed by UPLC-MSMS. Peak areas of ceramide species were
combined and normalized to epidermal protein content. B-D, epidermal sheets of newborn wild-type and
Cgi-58~"" mice were incubated in DMEM containing 400 um oleate and [9,10-H]oleate as tracer. After 5 h,
epidermal sheets were washed and chased in DMEM for 6 h. At various time points, total lipids of epider-
mal sheets were extracted. Neutral lipids were separated by TLC using hexane/diethyl ether/glacial acetic
acid (70:29:1) as solvent system, and radioactivity in the TG fraction was determined by liquid scintillation
counting (B). Polar lipids were separated twice by TLC using chloroform/methanol/acetic acid (190:9:1) as
solvent system. Radioactivity in the phospholipid (C) and acylceramide (D) fraction was determined by
liquid scintillation counting. E-G, wild-type epidermal sheets were incubated in DMEM containing 400 um
oleate and [9,10->H]oleate as tracer. After 5 h, epidermal sheets were washed and chased in DMEM in the
presence or absence of orlistat (20 um). At various time points, radioactivity in TG (E), phospholipid (F), and
acylceramide (G) fractions was determined as described above. Data are means = S.D. (n = 3-6) and
representative for three independent experiments. Statistical significance was determined by the two-
tailed Student’s t test (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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the absence of CGI-58, FA are
trapped in cellular TG stores and
not transferred to w-OH-ceramides
(and phospholipids). Accordingly,
the epidermal concentration of
acylceramides and protein-bound
ceramides was extremely low or
undetectable, whereas unbound
w-OH-ceramide levels were ele-
vated. Inhibition of epidermal TG
lipases by the nonspecific inhibi-
tor orlistat also prevented acylcer-
amide formation suggesting that
the hydrolytic degradation of the
epidermal TG pool is a require-
ment for the subsequent acylcera-
mide synthesis.

The concept that FA for acylcer-
amide formation have to cycle
through esterification (TG synthe-
sis) and re-hydrolysis (TG degra-
dation by lipases) is also supported
by induced mutant mice that lack
the principal enzyme in epidermal
TG synthesis, DGAT2 (acyl-CoA:
diacylglycerolacyltransferase-2).
DGAT2-deficient mice lacking
epidermal TG synthesis also
exhibited drastically reduced acyl-
ceramide concentrations in the
skin (47). Yet phospholipid levels
were not affected in both the
DGAT2- and CGI-58-deficient
mouse model. Interestingly, DGAT-
2-deficient animals developed a skin
phenotype very similar to that
observed in CGI-58-deficient mice
and also died soon after birth.

In summary, our study assigns an
essential role to CGI-58 in TG
catabolism. CGI-58 deficiency leads
to deranged lipid accumulation in
the liver suggesting that CGI-58-
activated fat degradation plays an
important role in hepatic TG
homeostasis. Additionally, the cru-
cialrole of epidermal TG catabolism
for acylceramide synthesis provided
novel insights into the molecular
mechanisms involved in ichthyosis
development of NLSDI patients.
The pharmacological activation of
CGI-58-mediated TG catabolism in
the skin and liver might provide a
novel molecular target for the
treatment of ichthyosiform skin
disorders and hepatic steatosis,
respectively.
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