Endogenous B-glucocerebrosidase activity in

Abcal2 =

epidermis elevates ceramide levels after

topical lipid application but does not restore barrier

function

Jorge F. Haller,* Paul Cavallaro,* Nicholas J. Hernandez,* Lee Dolat,* Stephame] Soscia,* Ruth
Welti,' Gregory A. Grabowski,’ Michael L. Fitzgerald, b# and Mason W. Freeman"*

Lipid Metabolism Unit and Center for Computational and Integrative Biology,* Massachusetts General
Hospital, Harvard Medical School, Boston, MA 02114; Kansas Lipidomics Researqh Center,Jr Kansas State
University, Manhattan, KS 66506; and Division and Program in Human Genetics,” Children’s Hospital

Research Foundation, Cincinnati, OH 45229

Abstract ABCAI2 mutations disrupt the skin barrier and
cause harlequin ichthyosis. We previously showed Abcal 27/

skin has increased glucosylceramide (GlcCer) and corre-
spondingly lower amounts of ceramide (Cer). To examine
why loss of ABCA12 leads to accumulation of GlcCer, de
novo sphmgollpld synthesis was assayed using [*Clserine
labeling in ex vivo skin cultures. A defect was found in
B-glucocerebrosidase (GCase) processing of newly synthesized
GlcCer speaes. This was not due to a decline in GCase func-
tion. Abcal2™’~ epidermis had 5-fold more GCase protein
(n=4, P<0.01),and a 5-fold increase in GCase activity (n =3,
P < 0.05). As with Abcal2”” epidermis, immunostaining in
null skin showed a typical 1nterst1t1al distribution of the
GCase protein in the Abcal2™’” stratum corneum. Hence, we
tested whether the block in GlcCer conversion could be cir-
cumvented by topically providing GlcCer. This approach
restored up to 15% of the lost Cer products of GCase activity
in the Abcal2 /™ epidermis. However, this level of barrier
ceramide replacement did not significantly reduce trans-
epidermal water loss functionill Our results indicate loss of
ABCA12 function results in a failure of precursor GlcCer sub-
strate to productively interact with an intact GCase enzyme,
and they support a model of ABCA12 function that is critical
for transporting GlcCer into lamellar bodies.—Haller, |. F., P.
Cavallaro, N. J. Hernandez, L. Dolat, S. J. Soscia, R. Welti, G. A.
Grabowski, M. L. Fitzgerald, and M. W. Freernan Endogenous
B-glucocerebrosidase activity in Abcal 27/ " epidermis elevates
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Harlequin ichthyosis (HI) is a severe autosomal reces-
sive disease caused by mutations in the ABCAI2 lipid
transporter (1, 2). HI patients present with a drastically
hyperkeratotic epidermis and have a complete loss of the
skin permeability barrier function. Poor temperature reg-
ulation, enhanced water loss, and bacterial super-infections
develop as a consequence of defects in the barrier func-
tion of HI skin, making neonatal survival difficult without
intensive treatment (3-6).

The epidermis is responsible for the formation and
maintenance of the skin barrier function (7). A critical
component of this barrier is the extracellular lipid do-
mains that surround the corneocytes of the stratum cor-
neum (SC). These interstitial lipid domains are organized
in lamellar structures and consist primarily of cholesterol,
fatty acid, and ceramides (8). Ceramides comprise about
half of the total lipids in the SC and are essential for the
lamellar structure of this extracellular lipid domain (8-10).
They are synthesized exclusively from glucosylceramide
(GlcCer) and sphingomyelin (SM) precursors, which are
generated in nucleated keratinocytes and stored in lamel-
lar bodies (LB). As the keratinocyte matures, the contents
of the LB are extruded into the interstices of the SC where
the GlcCer and SM are enzymatically hydrolyzed to Cer
by B-glucocerebrosidase (GCase) and sphingomyelinase

Abbreviations: CBE, conduritol B-epoxide (small-molecule inhibi-
tor of GCase); Cer, ceramide; E18.5, day 18.5 mouse embryo; GCase,
B-glucocerebrosidase; GlcCer, glucosylceramide, HI, harlequin ich-
thyosis; LB, lamellar body; PDMP, 1-phenyl-2-decanolyamino-3-morpholi-
no-1-propanol (small-molecule inhibitor of GlcCer synthase); SC, stratum
corneum; SG, stratum granulosum; TEWL, trans-epidermal water loss.
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(SMase), facilitating the formation of the extracellular la-
mellar domains (7) (Fig. 1).

To model HI and define how a loss of ABCA12 function
disrupts the epidermal barrier, we and others have devel-
oped mice with inactivating mutations in the Abcal2locus
(11-13). These animals recapitulate key features of the
HI syndrome in that Abcal2 '~ pups do not survive ex
utero and display a marked hyperkeratosis of the epider-
mis. Phenotyping of the Abcal2”’~ pups shows they lack a
proper permeability barrier, which is associated with a pro-
found reduction in skin linoleic esters of w-hydroxy-
ceramides (Cer-EOS) and a corresponding increase in
their glucosylceramide precursors (GlcCer-EOS) (13).
Consistent with these lipids playing a critical role in form-
ing the SC interstitial lamellae, ultrastructural analysis of
the Abcal2™’ epidermis showed no SC lamellae, and the
stratum granulosum (SG) lacked intact lamellar bodies
(12, 13). Furthermore, ABCA12 has been shown to local-
ize to the lamellar bodies (14). These observations are
consistent with a model of ABCA12 function that posits
the transporter resides on the limiting membrane of the
lamellar body where it acts to specifically move GlcCer-
EOS across the bilayer for eventual secretion at the SC/SG
interface. Though it is well established that ABCA12 is es-
sential for forming the epidermal lipid permeability bar-
rier, little biochemical data exists as to how ABCA12 affects
the metabolism of skin ceramides, including the enzymes
involved in their synthesis.

Using a new N-terminal anti-ABCA12 antibody that
shows no cross-reactivity to other ABCA proteins, we show
that ABCA12 is highly expressed in the skin, with the stom-
ach expressing detectable, but markedly less, ABCAI2 pro-
tein. Given the restricted pattern of ABCA12 expression,
we focused on developing a skin organ culture system to
explore the metabolic function of ABCA12 in this tissue.
With this system, we show novel biochemical evidence that
indicates that loss of ABCA12 blocks the hydrolysis of en-

Lamellar
body
PDMP CBE
1 | 1
GlcCer synthase GCase
Serine \ GlcCer 4|L> Cer
+ > Cer |
Palmitoyl-CoA SM Cer

SM synthase . .
Sphingomyelinase

L I I
Nucleated Keratinocyte Stratum corneum

Fig. 1. Synthesis and metabolic conversion of ceramides and glu-
cosylceramides in the epidermis. Nucleated keratinocytes synthe-
size the precursors GlcCer and SM and store these lipids in lamellar
bodies. Upon release into the interstices of the stratum corneum,
they are hydrolyzed to Cer by GCase or sphingomyelinase as part of
the process that forms the interstitial lamellar lipid domains that
surround the corneocytes of the stratum corneum. GlcCer syn-
thase, glucosylceramide synthase.
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dogenous GlcCer species, despite the presence of high lev-
els of active GCase enzyme. Moreover, we show that topical
application of GlcCer can partially circumvent this block-
age, enabling Abcal2’” skin to enhance synthesis of cer-
amides critical for epidermal barrier function. However,
exogenous delivery of GlcCer was only able to restore ap-
proximately 15% of the ceramides found in wild-type skin,
and this change was insufficient to improve the water per-

meability barrier of the Abcal2 '~ epidermis.

MATERIAL AND METHODS

Reagents

Reagents were purchased from the indicated suppliers: [14C]
serine (NEN-PerkinElmer), rabbit anti-GCase (Abcam), cell cul-
ture media (Lonza), and lipid standards (Avanti Polar Lipids).
ABCALI, ABCA2, ABCA3, and ABCA7 antibodies were generated
in our laboratory and previously described (14-16). Protein was
measured by Bradford assay and BCA (bicinchoninic acid) pro-
tein assay kit (Pierce). All other reagents, unless otherwise speci-
fied, were purchased from Sigma-Aldrich.

Abcal2™’” mice

Mice that were heterozygous for a null allele at the Abcal2 lo-
cus have been previously described (13). Procedures were ap-
proved by the Massachusetts General Hospital Committee on
Research Animal Care and conducted in accordance with the
USDA Animal Welfare Act and the PHS Policy for the Humane
Care and Use of Laboratory Animals.

Skin, epidermis, and lipid isolation

For all the described studies, day 18.5 mouse embryos (E18.5)
were obtained using timed pregnancies and Caeserean section.
After euthanasia, limbs and tails were removed, a dorsal cut was
made at the neck down to the hypodermis and was extended to
the tail stump, and then the skin was peeled off in one piece us-
ing dissecting forceps (17). This skin sample, which contains der-
mis and epidermis, is referred throughout this article as an
“embryo whole-skin peel.” The histological presentation of these
late gestational skin samples is shown in Fig. 2D. To isolate epi-
dermis, the embryonic whole-skin peels were floated dermis-side
down in 0.5% trypsin (GIBCO) in Dulbecco’s phosphate-buff-
ered saline (PBS) at 4°C overnight, and then epidermis was sepa-
rated from the dermis using tweezers. Total lipid was extracted
from the samples by the method of Bligh and Dyer (18). Briefly,
the whole skin or epidermis derived from one embryo was finely
minced with scissors in 3.75 ml of a single-phase solution of meth-
anol/chloroform/PBS (2:1:0.75). After 30 min sonication at
40°C using a Branson water bath sonicator, 1 ml of chloroform
and 1 ml of PBS were added to achieve phase separation. The
organic phase separated upon centrifugation was collected and
dried under a gentle nitrogen gas stream.

Immunoblotting procedures and generation of an
ABCAI12 antibody

An anti-ABCA12 serum was raised against amino acids 47—
315 by methods previously described (14). Specificity was con-
firmed with lysates from HEK293 cells transfected with cDNA
encoding ABCA1, ABCA2, ABCA3, ABCA7, or ABCAI2. Immu-
noblots of protein lysates were carried out as described previ-
ously (13). Membranes were probed with anti-ABCA12 serum
(1:1000 dilution), at room temperature for 2 h, and detected using
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Fig. 2. ABCAI2 protein is largely restricted to the epidermis. A: Tissue expression of ABCA12 mRNA in the adult mouse as determined
by reverse transcription and quantitative PCR (RT-QPCR) (£ SD, n = 3). B: A newly produced rabbit anti-ABCA12 polyclonal antibody spe-
cifically recognizes ABCA12 in the epidermis of neonatal mice and does not cross-react with other ABCA transporters transiently expressed
in HEK 293 cells, including ABCA1, ABCA2, ABCA3, and ABCA7. Panels show signals derived from one immune-blot sequentially probed
for the indicated transporters, involucrin and -actin. C, ABCAI2 expression in E18.5 embryos is largely restricted to the epidermis, though
expression in the stomach was detected at markedly lower levels (13). D: Histological skin section stained with H and E, depicting the epi-
dermal structures of E18.5 embryos used in our experiments. E: Histological section of the stomach stained with H and E identifying the
hyperkeratosis of the gastric mucosa in the forestomach region in Abcal 27" animals (arrowheads point to the keratosis in the Abcal 2
tissues. L, lumen; SB, stratum basale; SQ, stratified squamous epithelium; SS, stratum spinosum).

a horseradish peroxidase-conjugated goat anti-rabbit antibody
and enhanced chemiluminescence (Amersham, Pittsburgh, PA).

TLC procedures

Lipids extracted from the epidermis of E18.5 mouse embryos
were separated by TLC using a three-solvent system described
previously (19), radiolabeled lipids were visualized and quanti-
tated by phosphor imaging (Amersham Biosciences), and total
lipids were subsequently quantified by densitometry of the plates
charred with cupric sulfate in aqueous phosphoric acid (19). For
preparative extraction, bands were located with iodine vapor,
then scraped and extracted in methanol/chloroform 1:2 (v/v).

Mass spectrometry lipid profiling procedures

Lipid structure was determined using an ESI-MS/MS approach
as reported previously (13). Scans were performed for precur-
sors of m/z 264 in the positive mode (collision energy, 50 V) for
GlcCers and Cers. Internal standards for quantification were
d18:1/14:0Cer and d18:1/12:0GalCer. The amounts of the ana-
lyte lipids are indicated in units of normalized mass spectral sig-
nal with one unit representing the amount of lipid producing the
same amount of signal as 1 nmol of the internal standard.

Skin organ culture and labeling procedures

E18.5 embryo whole-skin peels were cultured dermis-side
down for 16 h in 2 ml of EMEM with 10% FBS, 0.6 mM CaCl,, 100
U/ml of penicillin, and 100 pg/ml streptomycin at 37°C and 5%
CO, containing 1.24 pCi of [ 'C]serine in the presence of 100 pM
conduritol B-epoxide (CBE, Sigma Catalog # C5424), or 30 pM
(+)-threo-1-phenyl-2-decanolyamino-3-morpholino-1-propanol
(PDMP, Sigma Catalog # P7340), or no inhibitor. Media was aspi-
rated, and skins were floated in 0.5% trypsin overnight at 4°C to
isolate the epidermis.

Histology and immunohistochemistry

E18.5 embryo whole-skins peels were fixed in Bouin’s solution
and paraffin embedded. For immunohistochemistry, slides were
deparaffinized in xylene and ethanol and rehydrated in water.
Slides were blocked with 10% normal horse serum and 1% BSA/
PBS, and then incubated with primary antibody (1:75 dilution) in
1% BSA/PBS overnight at 4°C. The slides were then washed, and
a secondary biotinylated goat-anti-mouse IgG antibody was applied
(1:250 dilution). The avidin-biotin peroxidase complex and DAB
chromophore-staining method was used (ABC kit, DAB kit; Vector
Laboratories), and the slides counterstained with hematoxylin.

Circumventing the Abcal2”™’~ metabolic defect 495



B-Glucocerebrosidase assays

SC samples were scraped from E18.5 embryo skins, and then
tissue lysates and in vitro measurements were performed as de-
scribed previously (20, 21). For in situ activity, embryo whole-skin
peels were preincubated with 0.54% sodium taurocholate in
Mcllvaine citrate-phosphate buffer pH 5.6 (taurocholate buffer)
(21) in the presence or absence of 10 mM CBE for 30 min. Then
100 pl of a solution of 0.5 mM 4-methylumbelliferyl-B-D-
glucopyranoside (Sigma Catalog # M3633) in taurocholate buf-
fer was added onto the epidermis, and samples were incubated in
the dark. The reaction was stopped with 1 ml of 200 mM carbon-
ate-bicarbonate buffer pH 10.5. Samples were vortexed and cen-
trifuged at 14,000 gat 4°C, and fluorescence (Ex/Em = 355/460
nm) was measured in the supernatant. In situ GCase activity rep-
resents the difference in activity obtained with or without CBE.

Topical [MC] GlcCer conversion

For generation of labeled [14C]GlcCer precursor, embryo

whole skins were cultured as described above but with 20 pCi/
skin of [14C]serine for 24 h and purified as described in the TLC
procedures. A solution of 40,000 dpm of [14C]GlcCer/m1 in tau-
rocholate buffer was prepared by water bath sonication. One-
hundred microliters of this solution was added to the epidermal
surface of an E18.5 embryo whole-skin peel. After 1 h at room
temperature and an overnight incubation at 4°C, lipids were ex-
tracted from the whole-skin peel as described in the lipid isola-
tion section above. Generated [14(]]Cer products were separated
from the input GlcCer substrate by silica gel column chromatog-
raphy (22) with the following modification: Ceramides were
eluted with 7 ml chloroform/methanol 98:2 (v/v) followed by
1.5 ml chloroform/methanol 92:8 (v/v). Then unhydrolyzed
GlcCer was subsequently eluted with an additional 6.5 ml chloro-
form/methanol 92:8 (v/v). An aliquot of these fractions was
quantified with liquid scintillation counting and the reminder
analyzed by TLC as described above. To control for nonenzy-
matic GlcCer hydrolysis that may occur during the extraction
process, radiolabeled GlcCer was added to a control skin sample
immediately before lipid extraction during each experiment.
These controls showed that observed ceramide formation was
not due to the extraction process in either the wild-type or
Abcal2” samples.

Acute GlcCer treatment

To isolate milligram GlcCer quantities that were needed to
conduct the exogenous treatment assays, E18.5 Abcal2” and
Abcal2”” embryo total epidermal lipid, dissolved in chloroform,
was applied to a column of hexane-equilibrated silica gel 60
(6 mg of lipid/g of silica). After washing the column with 18 ml of
chloroform/acetic acid 1000:1 (v/v) per gram of silica, and 18 ml
of chloroform/methanol 191:9 (v/v), GlcCers were eluted with
14 ml of chloroform/methanol 92:8 (v/v). This method yielded
0.125 mg of GlcCer /embryo epidermis of a purity that ranged
91-95% as assayed by TLC. The isolated fraction contained both
GlcCer and GlcCer-EOS species. A suspension of 1 mg/ml these
GlcCers in taurocholate buffer was prepared by water sonication.
Freshly isolated E18.5 embryo whole-skin samples of 0.5 x 0.5 cm
were placed dermis-side down onto a 1 cm diameter Millicell-PCF
0.4 pm membrane inserts (Millipore). A dose of 25 pl of the
1 mg/ml GlcCer suspension or 25 pl of vehicle (taurocholate
buffer) was added onto the epidermal side of the skin samples.
Inserts were incubated at 37°C in 60 mm dishes containing 3.6 ml
of CnT-02-3DP1 Epidermial Keratinocyte 3D Prime medium
(CellnTec) for 6, 12, 24, and 48 h. At the specified treatment
times, epidermal barrier function was assayed as previously de-
scribed using the gravimetric method (11, 13). Experiments run
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in parallel conditions using this GlcCer preparation spiked with
a radioactive GlcCer tracer, and estimated 3.2 + 0.5 pg and 3.7 =
0.6 pg of Cer were formed during 24 h and 48 h incubation, re-
spectively. This is equivalent to a replenishment of 13% and 15%
of wild-type Cer levels.

Statistical analysis

All statistical analyses were performed using a Student ttest.
P < 0.05 was considered statistically significant.

RESULTS

ABCAI12 tissue expression

We first examined the tissue distribution of ABCA12.
When assessed in the adult mouse, the expression of
ABCA12 mRNA was detectable in a number of other tissues
besides skin, including the heart, intestine, stomach, and
kidney (Fig. 2A). To corroborate the mRNA findings, pro-
tein expression was assayed using a novel antibody that we
had generated against the first putative N-terminal loop of
ABCAI2. This antibody detected ABCA12 in wild-type but
not Abcal2/~ skin and showed no cross-reactivity against
multiple ABCA transporters, including ABCA1, ABCA2,
ABCAS3, and ABCA7 expressed in HEK 293 cells (Fig. 2B).
Given this lack of cross-reactivity, we probed a tissue blot
derived from EI8.5 mouse embryos with this antibody.
Compared with ABCA12 expression in the epidermis, there
was much reduced but detectable expression of ABCA12 in
the stomach, whereas no signal was detected in the intestine
or any of the other tissues analyzed, including the lung (Fig.
2C). When the blots were stripped and reprobed for ABCAI,
ABCA2, ABCA3, and ABCA7, no expression of any of those
transporters in the epidermis was evident, providing evi-
dence that a compensatory upregulation of alternative
ABCA transporters does not occur in the absence of ABCA12
(Fig. 2B, first two lanes). As reported previously (11-13),
the loss of ABCA12 function results in a marked hyperkera-
tosis of the SC in E18.5 mouse embryos (Fig. 2D). Given our
detection of ABCAI12 protein in the stomach, we tested
whether there were histological abnormalities in this organ
of the Abcal2’~ mouse. Histological analysis of day 18.5
mouse embryo stomach revealed a hyperkeratosis in the
gastric mucosa, which was confined to the forestomach re-
gion of Abcal2”’” animals (Fig. 2E). No other anatomical
or histological differences were identified in the stomach.
In composite, these results demonstrate a very restricted dis-
tribution pattern of ABCA12 protein, with epidermal ex-
pression predominating.

De novo ceramide synthesis

Having established that ABCA12 expression is largely
confined to the epidermis, we sought to clarify the func-
tion it plays in the skin. To this end, skin samples from
E18.5 embryos were cultured in media containing [MC]
serine. Because serine palmitoyltransferase initiates de
novo sphingolipid synthesis by condensing serine and
palmitoyl-CoA (Fig. 1), use of radiolabeled serine allows for
the monitoring of de novo synthesized glucosylceramide



and its conversion into ceramide. The charred TLC plate
in Fig. 3A depicts total lipid profiles of the epidermis iso-
lated from these skin cultures. Lipids from Abcal 2 epi-
dermis showed a pattern that clearly differed from the
lipids detected in Abcal2”* epidermis. The most dramatic
changes in these samples were in the species marked “a” to
“d” (Fig. 3A). Species denoted “a” and “b” comigrated in
the region of ceramide standards and lipids denoted “c”
and “d” in the region of glucosylceramide standards. To
define the molecular nature of these lipids, we ran pre-
parative TLC plates to isolate microgram quantities of
these lipids from an additional set of Abcal2”* and
Abcal2”’” epidermal samples (n = 5). The isolated lipids
were subjected to quantitative lipid profiling using an ESI-
triple quadrupole tandem mass spectrometer. Lipid “a”

was principally composed of very long chain ceramide es-
ters. Scans of Abcal2 /™ samples showed there was a sig-
nificant reduction (81%) in these lipids compared with
amounts isolated from the Abcal2”* samples, which we
have previously shown, using collision induced product
ion analysis, to be linoleic esters of w-hydroxy very long-
chain ceramides (Cer-EOS, Fig. 3B) (13). Profiling lipids
extracted from the region of the plates where lipid “b” mi-
grated indicated that “b” was principally composed of 16
to 22 carbon acyl chain ceramides (40%, Cer-d18:1(16:0),
30% Cer-d18:1(18:0), Fig. 3C). These two shorter acyl
chain ceramides were significantly increased in the ab-
sence of ABCA12 (by 6.5- and 18.6-fold, respectively).
These lipids have been previously reported to be gener-
ated by sphingomyelinase (10). Scans of lipid “c” showed
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Fig. 3. Alteration of endogenous sphingolipid levels in the Abcal L epidermis. A: Shown are endogenous lipids levels detected in extracts

of Abcal2”* and Abcal2™”

“,

day 18.5 embryonic skin cultures analyzed by copper charring of TLC plates. Lipids labeled “a” to “d” mark the

most altered sphingolipid species between the genotypes. These were isolated by preparative TLC from additional Abcal 27 and Abcal2™~ day
18.5 embryonic epidermis and subjected to quantitative mass spectrometry. B-D: Graphed are the three most predominate species identified
for each of the analyzed samples (n =5, + SD, *P< 0.05). The nomenclature, e.g., d18:1(50:2 ester), indicates a sphingosine base (d18:1) in
an amide linkage to a very long chain fatty acid, which is ester-linked to another fatty acid; these two acyl chains contain a total of 50 carbons
and two bonds. Previous data indicate that 50:2 is a 32-carbon saturated fatty amide linked to linoleic acid (18:2) (13).
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that the most significant change was a 5-fold increase in the
level of linoleic esters of w—hydroxy very long chain gluco-
sylceramide in the Abcal2 '~ samples (GlcCer-EOS, Fig. 3D).
Analysis of lipid “d” showed that it was principally com-
posed of GlcCer species containing acyl chains of 24-26
carbons which were also increased in the null epidermis
compared with the Abcal 27 samples (Fig. 3E) as quanti-
tated by mass spectrometry.

Next, we explored the ceramide synthesis pathways in
skin cultures using small molecule inhibitors of glucosylce-
ramide synthase (PDMP) and GCase (CBE) to respectively
block synthesis of glucosylceramides and their conversion
into ceramides (see Fig. 1) (23). In Abcal2”* samples,
treatment with CBE significantly reduced the amount of
serine-labeled Cer-EOS by 76%), whereas labeling of their
glycosylated precursors, GlcCer-EOS “c” and GlcCer “d”
were significantly increased by 3.5- and 2.4-fold, respec-
tively (Fig. 4). This labeling pattern resembled that of the
Abcal2 '~ samples without inhibitor treatment, with the
exception that lipid “b” did not accumulate. When PDMP,
an inhibitor of glucosylceramide synthase (24, 25), was
used in the wild-type skin, the labeling of lipids “a,” “c” and
“d” was 51gn1ﬁcantly decreased (Fig. 4). In contrast in the
Abcal2™’” epidermis, CBE inhibition of GCase did not
produce a significant change in the labeling of GlcCers
(lipids “c” and “d”); however, PDMP treatment of the null
skin significantly decreased the level of labeled GlcCers, in-
dicating that GlcCers are still being actively synthesized in
the null epidermis but are not being hydrolyzed by GCase.

Furthermore, the modest effect of the inhibitors on the
amount of labeled Cer in the null epidermis (Fig. 4) sug-
gests that the ceramides that persist in the null skin are
mainly processed through SM precursors and not from
GlcCer. This is further supported by the behavior of serine
labeled lipid “b.” Though present in significantly greater
amounts in the Abcal2 ” epidermis, its levels were not
significantly altered by either CBE or PDMP treatment in
either ABCAI2 wild-type or null skin.

GCase expression and activity

One possible explanation for our results is that a loss of
ABCAI2 inhibits GCase expression or enzymatic function,
leading to the observed GlcCer buildup. This possibility was
tested by measuring GCase activity and protein in the
Abcal2”’~ epidermis and shown not to be the case. In fact,
5fold higher levels of GCase were detected in the Abcal2 /™
epidermis of E18.5 mouse embryos by immunoblot analysis
of tissue lysates (Fig. bA, P< 0. Ol) Furthermore, immuno-
staining of Abcal2”"and Abcal2~ whole-skin sections for
GCase levels was used to assess the distribution of the enzyme.
In Abcal2” epidermis, staining was evident in the nucleated
cellular layers in a cytoplasmic distribution, whereas in the
stratum corneum, the staining localized to the interstitial
spaces. Immunostaining of the Abcal2”’ embryo whole
skins confirmed that levels of GCase were increased. As with
the Abcal2”" tissue, however, thlS abundant GCase staining
in the hyperkeratotic Abcal2”’” stratum corneum main-
tained a largely interstitial distribution (Fig. 5C).
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] serine-labeled lipids are representative samples. B: Graphed is the amount of labeled lipid quantitated by phosphor imaging
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epidermis. A: GCase protein levels

are significantly elevated in the epidermis of Abcal2™” day 18.5 embryos. Left panels show immunoblots of
GCase, B-actin, and serine palmitoyltransferase (SPTLC1) of a representative sample; the graph depicts the
GCase/B-actin ratio of the Abeal2”" and Abcal2™’~ samples (n =4, + SD, P<0.01). B: Gbal mRNA levels in
the epidermis of Abcal2™’~ day 18.5 embryos are not significantly different from those of Abeal2”" mice as
determined by RT-QPCR; graphed is the GCase/B-actin ratio expressed relative to that of the Abcal2™”*
samples (n =4, £ SD, P=0.7). C: Inmunostaining of GCase protein in day 18.5 embryo skin cross-sections.
The brown GCase staining is markedly increased in the Abcal2~ epidermis, particularly in the upper SC
(bar = 30 pm; SB, stratum basale; SS, stratum spinosum). D: GCase activity measured in situ on whole-skin
samples (n =3, + SD, P<0.01). E: GCase-specific activity measured in vitro using SC lysates (Abcal2”" n = 4,

Abcal2”’ n=3,+SD, P<0.05).

The observations of reduced GCase enzymatic products
(i.e., ceramides) in the presence of abundant GCase pro-
tein in the epidermis of Abcal2”’” mice led us to examine
the activity of the GCase present in the null skin. To ac-
complish this, we measured GCase activity in situ in skin
samples from E18.5 mouse embryos based on a method
developed by Takagi et al. (21). In accord with our obser-
vations of increased GCase protein levels, the null skin
displayed 10-fold higher in situ GCase activity than was
present in the Abcal2”* samples (Fig. 5D). To further de-
termine whether this increase simply reflected a greater
abundance of hyperkeratotic skin rather than increased
GCase activity, GCase activity was measured in vitro using
stratum corneum lysates from samples obtained by physi-
cal abrasion of the skin of E18.5 mouse embryos. This as-
say showed significantly higher levels of GCase activity in
the null samples compared with those taken from wild-type

mice, even after normalization of the activity to total SC
protein levels (Fig. 5E). Thus our data indicate that loss of
ABCAI2 function is associated with increased GCase pro-
tein and activity in the SC. Finally, the enhanced levels of
GCase protein in Abcal 2/ epidermis appear to result from
a posttranscriptional process, as loss of ABCA12 caused no
significant change in the amount of Gbal mRNA, which

encodes GCase (Fig. 5B).

Topical application of GlcCer precursors

The above data indicated that the enzyme activity re-
quired for the conversion of ceramides from glucosylcer-
amide precursors was not impaired in the Abcal2 /~ skin.
This suggests that in the absence of ABCAI2, endoge-
nously synthesized GlcCer fails to localize to the inter-
cellular lamellar region of the stratum corneum, which is
rich in GCase activity. If this hypothesis were correct, we
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reasoned that topical application of GlcCer should be
able to bypass this transport defect and would restore cer-
amide production in the Abcal2” stratum corneum. To
test this hypothesis, we isolated []4C]GlcCer from [HC]
serine-radiolabeled mouse skin cultures by preparative TLC
and prepared a solution of this radiolabeled precursor.
The solution was applied topically to the stratum corneum
of unlabeled E18.5 embryo whole-skin samples. After incu-
bation for 1 h at room temperature and overnight incuba-
tion at 4°C, lipids were extracted from the whole-skin
sample, and ceramides were separated from their nonhy-
drolyzed precursors using a Silica Gel column (22). Sig-
nificantly, the Abcal2™’~ skins converted 21-25% of the
applied GlcCer into ceramides, while the Abcal2”* skin
converted 11-14% (Fig. 6A). Additional controls per-
formed in parallel during these experiments showed
GlcCer hydrolysis did not occur when the skin samples were
extracted immediately after the addition of radiolabeled
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substrate. Thus, these controls show the ceramides pro-
duce during this incubation period were catalyzed by
endogenous GCase. Remarkably, considering the near
complete block in GCase processing of endogenously syn-
thesized GlcCers, the Abcal2™’~ skin synthesized all major
ceramides from the topically applied precursors. Impor-
tantly, this included the generation of the missing cer-
amide “a” or Cer-EOS (Fig. 6B). Thus, circumvention of
the block in endogenous GlcCer processing and restora-
tion of ceramide production by topical administration of
GlcCer precursors onto skin lacking ABCA12 activity are
possible.

Given endogenous GCase in Abcal2 /~ stratum cor-
neum could generate lost barrier ceramides when pro-
vided an exogenous source of GlcCer substrate, we tested
whether this improved performance of the barrier. As
above, a suspension of GlcCer in buffer or buffer alone
was applied to the epidermal side of freshly excised E18.5
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Fig. 6. Topical application of GlcCer precursors to the SC restores ceramide production. ["'C]GlcCer was
applied onto the SC of Abcal2”" and Abcal2 /~ whole-skin samples obtained from day 18.5 mouse embryos.
After 1 h incubation at room temperature followed by an overnight incubation at 4°C, total lipids were ex-
tracted. Ceramides were separated from their unhydrolyzed precursors using a silica gel column. An aliquot
was quantitated by liquid scintillation counting (A). Values at the top of the bars represent the average per-
centage of substrate converted into ceramides (n = 3, + SD, P< 0.05). B: Shown are the converted ceramides
and unhydrolyzed precursors resolved on a TLC plate and visualized by phosphor imaging. The “Ctrl” lane
shows a wild-type skin which was processed immediately after addition of the radioactive substrate to control
for hydrolysis of the substrate during the lipid extraction. C: TEWL measurements of E18.5 Abcal2”’” skins
grown on an air/liquid interface and treated with an acute dose of GlcCer for the indicated periods did not
show a significant improvement of the skin permeability barrier function (n = 6 for times 12 and 24 h, n = 2

for times 6 and 48 h).
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Abcal2™” embryo whole-skin samples. These were grown
dermis-side down in a millicell-PCF membrane insert at an
air/liquid interface in CnT-02-3DP1 Epidermial Keratino-
cyte 3D Prime medium (CellnTec) for 6, 12, 24, and 48 h
at 37°C in a humidified tissue culture incubator. At the
specified times, the ability of the skin to retain water was
measure using a trans-epidermal water loss (TEWL) assay.
Application of GlcCer onto Abcal 27~ whole-skin samples
under the assayed conditions did not show any statistical
significant improvement in permeability as compared
with the vehicle treatment at any of the measured times
(Fig. 6C). To confirm that significant amounts of cer-
amides are generated and persist during the longer time
frame of the 37°C functional assays, we conducted parallel
biochemical assays using a radioactive GlcCer tracer spiked
into the GlcCer preparation. These control experiments
confirmed this approach was replenishing approximately
13% and 15% of the wild-type epidermal Cer levels in the
Abcal2™’” epidermis at the 24 h and 48 h incubation
points, respectively.

DISCUSSION

In these studies, skin organ cultures from Abcal 2/
late-term embryos were used to interrogate ABCA12 func-
tion within the epidermis, in which we show the trans-
porter is most abundant. Ex vivo culture of embryonic
whole skin, combined with metabolic labeling, small-mol-
ecule inhibition, and mass spectrometry lipid profiling,
demonstrates that the absence of ABCA12 induces a block
in the hydrolysis of de novo synthesized GlcCer-EOS, as
well as other nonester glucosylceramides species. Impor-
tantly, the GlcCer processing block is not explained by a
decline in either the amount or activity of GCase enzyme.
Indeed, Abcal2™’” skin contains significantly enhanced
levels of GCase protein and activity, particularly in the stra-
tum corneum. Moreover, we demonstrate that Abcal2
stratum corneum, when presented with exogenous GlcCer
precursors, is able to overcome the GCase-mediated
GlcCer conversion defect and regenerate some of the lost
ceramides that are known to be critical for formation of
the skin permeability barrier.

These results provide novel biochemical data into how
glucosylceramides accumulate in the Abcal2™’™ skin. By
exploring the enzymatic processing of de novo-synthesized
GlcCer, we show that flux of this lipid processed by GCase
was significantly diminished. These observations now iden-
tify a key processing step in the conversion of GlcCer to
Cer that, in the absence of ABCA12, accounts for our and
other observations of the enhanced steady-state levels of
glucosylceramides in the Abcal2™’~ epidermis (11-13).
Gaucher’s disease, caused by mutations in the GCase gene, is
also characterized by accumulation of GlcCer, and a subset
of Gaucher’s patients present with an ichthyotic pheno-
type (26). Likewise, mice lacking GCase display ichthyotic
skin and accumulate excess GlcCer (27). Moreover, in the
absence of GCase, these animals maintain ceramide levels

by inducing sphingomyelin hydrolysis (28), which results
in the generation of shorter acyl chain ceramides of the
class we have identified to be contained in the band “b”
ceramides that are elevated in the Abcal2 /™ epidermis.
Thus, as with genetic loss of GCase activity, we now demon-
strate specific alterations in sphingolipid metabolism in
the Abcal2 '~ epidermis that are occurring despite intact
GCase activity.

A substantial amount of literature demonstrates that in-
hibiting cholesterol, fatty acid, ceramide, or glucosylcer-
amide synthesis leads to abnormal lamellar bodies and
impaired barrier function (7, 29-32). Thus, stratum gran-
ulosum cells must generate all these lipids and then trans-
port them into the LB where they can be assembled into a
lamellar structure required for barrier function (7). In
normal skin, ABCA12 localizes to LB (33), and keratino-
cytes demonstrate a widely distributed pattern of cellular
GlcCer expression (1, 12). In contrast, in HI skin, GlcCer
fails to localize to the periphery of the keratinocyte cyto-
plasm (34), and there is a loss of lamellae structure in the
stratum corneum and LB (1, 11-13). These data, together
with our observations of the enzymatic processing of de
novo-synthesized ceramides in the Abcal2’~ skin and the
partial circumvention of the GlcCer processing defect via
topical application of exogenous precursors, are consis-
tent with a critical role for ABCA12 in transporting GlcCer
to the extracellular space via its action at the lamellar body
membrane (1, 7, 11-13, 35, 36). With loss of ABCA12, an
accumulation of GlcCer species is observed that is due not
to a block in GCase enzyme activity, as with Gaucher’s pa-
tients, but from a defect in the trafficking of GlcCer into
the LB and hence to the extracellular domains of the stra-
tum corneum. Without proper supply of this precursor to
the interstices of the stratum corneum, there is a loss in
the production of ceramides via the GCase pathway. Since
some ceramide species can only be generated via the activ-
ity of GCase (28, 37), the result is loss of specific epidermal
ceramides that are critical for maintaining the permeabil-
ity barrier function of the skin (7).

ABCAI12 tissue distribution in the neonate is largely
epidermal, and in the absence of ABCA12 function, no
compensatory upregulation of other ABCA-class trans-
porters, including ABCA1, ABCA2, ABCA3, and ABCA7,
was detected in the Abcal2™’” epidermis. Expression of
ABCA12 was also observed in the stomach; as in skin, the
Abcal2™’~ gastric epithelia presented evidence of a marked
hyperkeratosis. This finding suggests that ABCAI2 has a
role at the affected region of the stomach that results in
a similar thickening of the keratinized layers as is found
in the skin. Keratinized epithelia in certain regions of the
stomach is characteristic of rodent gut but not of human
stomach. Therefore, these finding cannot be translated
to explain the gastrointestinal problems described in HI
patients (38).

Lastly, supplying GlcCer to the epidermis under the
conditions assayed was not sufficient to restore the perme-
ability barrier. As our experiments were limited to a short
treatment period and resulted in only up to 15% resto-
ration of the wild-type ceramide levels, it is possible that
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different treatment paradigms, such as using higher levels
of topical exogenous lipid or applying GlcCer as part of a
three-component mixture that includes cholesterol and
fatty acids, could result in higher ceramide levels and per-
haps greater restoration of function. Alternatively, exoge-
nous GlcCer may need first to be taken up into granular
cells, and then secreted via the lamellar body secretory sys-
tem to impact barrier function (39). Moreover, the loss of
ABCA12, which is associated with a number of other path-
ological skin features, including hyperkeratotic stratum
corneum and abnormal protein distribution in the epider-
mis involving involucrin, transglutaminase 1, and filaggrin
(11, 13, 34, 40), may cause disruptions that no amount of
topical lipid replacement can correct. These deficits could
arise as a consequence of cellular GlcCer accumulation in
keratinocytes that may cause lipotoxic effects (41). There-
fore, supplementation of ceramide production by itself
may not suffice to correct skin barrier function, even if
it were to more completely restore levels of extracellular
Cer. In a recent report on congenital hemisdysplasia with
ichthyosiform erythroderma and limb defect (CHILD)
syndrome, an X-linked dominant disorder of distal choles-
terol metabolism, treatments targeted to reduce the ac-
cumulation of precursors were required to restore skin
function in patients that was not restored by the provision
of topical cholesterol alone (42). Thus, as in the CHILD
syndrome, dual therapies may be required to correct the
cutaneous phenotype of ABCA12-null skin.

In summary, we present novel evidence that strengthens
the view that ABCA12 is required to transport de novo-
synthesized GlcCer to the interstices of the stratum cor-
neum. The results provide biochemical data that advance
our understanding of the defect in epidermal sphingo-
lipid metabolism due to loss of ABCA12 activity. These
findings suggest new strategies that may be required to
ameliorate defects in skin function in individuals with
harlequin ichthyosis. i

The authors are grateful for the technical assistance of Mary
Roth with the mass spectrometry lipid-profiling procedures.
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