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FIGURE 2. Exogenous ceramide stimulates ABCA12 mRNA. Primary cul-
tured human keratinocytes were incubated in the presence or absence of
C,-Cer, glucosylceramide (GlcC), sphingosine (Sph), sphinganine (Sphinga), or
ceramide 1-phosphate (C1P) for 16 h. ABCA12 and cyclophilin mRNA levels
were then measured as described under “Experimental Procedures.” Data are
expressed as a percentage of control (100%) and presented as mean = S.E.
(n = 3-4), Similar results were obtained when the experiment was repeated
with a different batch of cells. **, p < 0.01; C: Cg-Cer.
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PPARS siRNA (ON-TARGETplus SMARTpool) was pur-
chased from Dharmacon, Inc. For human alkaline ceramidase 1
siRNA, cultured human keratinocytes were transfected at a
concentration of 10 nM using Lipofectamine and PLUS reagents
(Invitrogen) according to the manufacturer’s instructions. For
human PPARS siRNA, cultured human keratinocytes were
transfected at a concentration of 30 nm using SilLentFect™
Lipid (Bio-Rad), followed by 24-h treatment with C,-Cer. Cells
were then harvested and subjected to mRNA measurement by
reverse transcription-quantitative PCR.

Western Blot Analysis—Western blots were carried out
according to the manufacturer’s protocol. Briefly, for ABCA12,
80100 pg of proteins prepared from keratinocytes were fraction-
ated on precast gels (3-8%) and transferred to polyvinylidene
difluoride membranes overnight at 4°C. The proteins on the
membrane were subsequently probed with monoclonal primary
antibodies against human ABCA12 (30) and then visualized by
secondary antibody using the ECL Western blotting detection sys-
tem kit. Membranes were then exposed to CL-XPosure film. For

PPARS, similar procedures were

used, except following treatment,

nuclear proteins were prepared from

- keratinocytes, as described previously

(31). An identical blot was probed

* with anti-B-actin antibody to verify
the equal loading of protein.

Lipid Analysis—The endogenous
ceramide levels in the total cellular
lysates were measured as described
previously (32). Lipid extracts were
prepared from cellular homoge-
nates by the method of Bligh and
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Dyer (33). Separation of individual
lipid species was achieved by
HPTLC, followed by quantification
by scanning densitometry (32). Glu-
cosylceramides and ceramides were
separated first using chloroform/
methanol/water (40:10:1, v/v/v) to
2.0 cm and to 5.0 cm and then chlo-
roform/methanol/acetic acid (94:4:1,
v/vlv}) to 8.5 cm, followed by n-hex-
ane-diethyl acetic acid (65:35:1, v/v/v)
to the top of the plate.

Statistical Analysis—All data are
expressed as mean * S.E., except for
ceramide quantification, which is
expressed as mean = S.D. Compar-
ison between two groups is under-
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FIGURE 3. Ceramide stimulates ABCA12 mRNA expression in a time- and dose-dependent manner. Cul-

46hrs incubation

taken using two-tail and unpaired ¢
test. Differences in values are con-
sidered significant if p is <0.05.

hABCA12-S

tured human keratinocytes were incubated with C,-Cer (5 pm) for various periods of time (0, 9, 16, 24, and 48 h)

(A). Alternatively, cells were incubated with various doses of Cs-Cer (0-10 um) for 16 h (8). Messenger RNA levels

RESULTS

of full-length ABCA12 or cyclophilin were measured as described. Data are expressed as a percentage of vehicle

control {100%) and presented as mean =+ S.E.(n = 3-5).C, ABCA12 and B-actin protein levels were measured by
Western blot following C,-Cer treatment for 16 h. Similar results were obtained when the experiment was
repeated with a different batch of cells. D, messenger RNA levels of ABCA12 variants (ABCA12-L and -5) were
measured, expressed as a percentage of vehicle control (100%), and presented as mean £ S.E.(n = 4).% p <

0.05; **, p < 0.01; *** p < 0.001; C: C¢-Cer.
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Exogenous Ceramides but Not
Other Sphingolipids ~Stimulate
ABCA12 mRNA—To determine
whether sphingolipids regulate
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FIGURE 4. Glucosyltransferase inhibitors increase endogenous ceramide levels and induce ABCA12 mRNA. A, cultured human keratinocytes were
incubated with vehicle control (open bars) or b-PPMP (10 um; solid bars) for 6 or 24 h, and ceramide levels were determined as described under “Experimental
Procedures.” Data are expressed as mean * S.D. (n = 4). B, cells were incubated with vehicle, 0-PPMP (5 uM; dotted bar), Cs-Cer-5 um (as positive control; hatched
bar), or o-PPMP plus C-Cer (solid bar) for 16 h, C, ceramide levels were determined after cells were incubated with vehicle, o-PPMP, Ce-Cer, or p-PPMP plus
Cq-Cer for 6 h. Another set of cells were incubated with vehicle, Cg-Cer (5 um), P4 (10 um), or P4 plus C4-Cer for 16 h (D). ABCA12 mRNA levels (8 and D) were
measured as described. Data are expressed as a percentage of control (100%) and presented as mean = S.D. (n = 3-4). Experiments were repeated at least once

with similar results. *, p < 0.05; **, p < 0.01; *** p < 0.001; C6: C4-Cer.

ABCA12 gene expression, we initially examined the effect of
various exogenously added sphingolipids, including C-Cer,
Cg-B-D-glucosyl ceramide, sphingosine, sphinganine, or cera-
mide 1-phosphate, on ABCA12 mRNA expression in cultured
human keratinocytes (Fig. 2). C4-Cer, a synthetic ceramide that
is cell-permeable, increased ABCA12 mRNA levels ~3.5-fold.
Similarly, another synthetic ceramide, C,-Cer, also increased
ABCA12 mRNA levels (data not shown). In contrast, neither
synthetic Cq-B-D-glucosyl ceramide, sphingosine, sphinganine,
nor ceramide 1-phosphate induces ABCA12 mRNA expression
(Fig. 2). These results indicate that ceramides but not other
major metabolites of ceramide elevate ABCA12 mRNA levels in
human keratinocytes.

Ceramide Stimulates ABCA 12 Expression in a Time- and Dose-
dependent Manner—As shown in Fig. 34, C4-Cer increased
ABCA12 mRNA levels in a time-dependent fashion, with a
large increase first seen at 16 h and a further increase by 24 h,
which was diminished at 48 h. Further, C4-Cer also increased
ABCAI12 mRNA levels in a dose-dependent manner, with a
half-maximal effect at 5 um (Fig. 3B). Higher doses (=12.5 um)
of C4-Cer were toxic to the cells (data not shown). Interestingly,
the stimulatory effect of C4-Cer is specific for ABCA12, since
Ce-Cer did not induce the expression of another ABC trans-
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porter, ABCA1 (data not shown). Similarly, C,-Cer, another
synthetic and cell-permeable ceramide, also increased ABCA12
mRNA in a similar dose- and time-dependent manner (data not
shown). Furthermore, consistent with our mRNA data, an
increase in ABCA12 protein mass (~2-fold) was evident fol-
lowing C-Cer treatment (Fig. 3C). Together, these results indi-
cate that exogenous ceramide induces ABCA12 expression in
cultured human keratinocytes.

Finally, we reported previously that two major splicing tran-
scripts of ABCA12, ABCA12-L and -S, are expressed in cul-
tured human keratinocytes and that both are up-regulated by
PPAR and LXR activation (18). We therefore examined
whether C-Cer also stimulates the expression of one or both of
these transcripts. As we reported previously (18), the basal
expression level of ABCA12-L mRNA is higher than ABCA12-S
(Cqy ~24 versus ~30). However, both transcripts are up-regu-
lated by C,-Cer treatment (7- and 4-fold, respectively) (Fig. 3D).
Thus, like PPAR and LXR activators, C,-Cer increases the
expression of both ABCA12-L and -S transcripts in cultured
human keratinocytes.

Glucosyltransferase Inhibitors Increase Endogenous Ceram-
ide Levels and Induce ABCA12 Expression—To further eluci-
date the mechanism responsible for ceramide-induced
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ABCA12 expression, we next examined ABCA12 mRNA levels
after raising endogenous ceramide levels by inhibiting glucosyl-
ceramide synthase activity with three different inhibitors (Fig.
1). Treatment of cultured human keratinocytes with p-PPMP
for a short (6 h) or long (24 h) period of time increased total
intracellular ceramide levels (Fig. 44) and decreased glucosyl-
ceramide levels by ~58% (data not shown). Pertinently, treat-
ment of cells with D-PPMP also increased ABCA12 mRNA lev-
els (Fig. 4B), and co-treatment with p-PPMP and exogenous
C,-Cer provoked a greater increase in ABCA12 mRNA level
than was observed with either treatment alone, indicating an
additive effect (Fig. 4B). Accordingly, although p-PPMP or
C,-Cer alone increases intracellular ceramide levels, the com-
bination of p-PPMP and C,-Cer results in a greater increase in
ceramide levels (Fig. 4C), which could contribute to the greater
increase in ABCA12 mRNA levels with combination treatment.
Additionally, we also treated cells with P4, another inhibitor of
glucosylceramide synthase, and observed a similar increase in
ABCA12 mRNA levels and an additive effect with exogenous
C-Cer (Fig. 4D). Furthermore, pL-threo-1-phenyl-2-de-
canoylamino-3-morpholino-1-propanol'HCl (DDMP), anoth-
er inhibitor of glucosylceramide synthase, also increased
ABCA12 mRNA levels (data not shown). These results indicate
that the conversion of ceramide to glucosylceramide cannot be
the basis for the C,-Cer-induced increase in ABCA12 expres-
sion, since one would have expected a decrease rather than an
additive induction with simultaneous treatment with glucosyl-
ceramide synthase inhibitors. Together, these data indicate that
glucosylceramide synthase inhibitors increase endogenous cer-
amide levels and increase ABCA12 mRNA levels and also that
the conversion of ceramide to glucosylceramide is not required
for the stimulation of ABCA12 expression.

Sphingomyelin Synthase Inhibitors Increase Endogenous Cer-
amide Levels and Induce ABCA12 mRNA—In addition to glu-
cosylceramides, ceramides can also be readily converted into
sphingomyelin, a step that can be blocked with D609, a sphin-
gomyelin synthase inhibitor (Fig. 1). Therefore, we initially
quantified intracellular ceramide levels following D609 treat-
ment, and as predicted, after a 6- or 24-h incubation, D609
increased ceramide levels (Fig. 54). Moreover, incubation
with D609 increased ABCA12 mRNA levels. However, the
combination of D609 with exogenous Cy-Cer did not additively
affect ABCA12 expression (Fig. 5B). Thus, increasing endoge-
nous ceramide levels by inhibiting sphingomyelin synthase
stimulates ABCA12 gene expression, similar to our observa-
tions with glucosylceramide synthase inhibition noted above.
Additionally, these results demonstrate that the conversion of
C,-Cer to sphingomyelin is not required for the ceramide-me-
diated increase in ABCA12 expression.

Ceramidase Inhibitors Increase Endogenous Ceramide Levels
and Induce ABCA12 mRNA—In addition to serving as a sub-
strate for the formation of complex sphingolipids (glucosylcer-
amides and sphingomyelin), ceramides can be further hydro-
lyzed into sphingosine, catalyzed by a family of ceramidases
(Fig. 1). Préviously it has been reported that four of the five
known ceramidase isoforms are widely expressed in cutaneous
and extracutaneous tissues, including alkaline and acidic cer-
amidases (34), which can be blocked by p-MAPP and B13,
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FIGURE 5. Sphingomyelin synthase inhibitors increase endogenous cer-
amide levels and induce ABCA12 mRNA. Cultured human keratinocytes
were incubated with vehicle (open bars) or p-609 (25 uM; solid bars) for 6 or
24 h, and ceramide levels were determined (n = 4) (A). Alternatively, cells
were incubated with vehicle, D609 (25 um; dotted bar), C6 -5 um (hatched bar),
or D609 plus Cs-Cer (solid bar) for 16 h. ABCA12 mRNA levels were measured
as described (B). Data are expressed as a percentage of control (100%) and
presented as mean = S.E. (n = 3). Experiments were repeated at least once
with similar results. *, p < 0.05; **, p < 0.01; C6: C4-Cer.

respectively. Furthermore, as noted above, exogenous sphingo-
sine failed to stimulate ABCA12 mRNA expression (Fig. 2).

p-MAPP, an alkaline ceramidase inhibitor, has been
shown to increase endogenous ceramide levels in a cancer
cell line (35). As expected, D-MAPP treatment increased
intracellular ceramide levels in cultured human keratino-
cytes (Fig. 6A4). Moreover, D-MAPP increases ABCAI12
mRNA levels, and the combination with C4-Cer was additive
(Fig. 6B). In contrast, L-MAPP, a non-biological enantiomer
of D-MAPP (35) that does not inhibit alkaline ceramidase
activity, had no effect on ABCAI2 expression (data not
shown). Additionally, when alkaline ceramidase-1 mRNA
was knocked down by siRNA transfection, a 2-fold increase
in ABCA12 mRNA levels was observed in transfected cells
compared with controls (Fig. 6C).

B13, a compound that specifically inhibits cellular acidic cer-
amidase activity (36), resulting in the intracellular accumula-
tion of ceramide (37), also induces ABCA12 mRNA levelsand is
additive to the effects of C,-Cer (Fig. 6D). Finally, whereas sub-
optimal concentrations of either D-MAPP or B13 only slightly
increase ABCA12 mRNA levels, the combination of these two
ceramidase inhibitors induces a significant increase in ABCA12
mRNA levels (Fig. 6E). Together, these results indicate that
inhibition of ceramidase activity increases endogenous cera-
mide levels, leading to a stimulation of ABCA12 expression.
Additionally, the metabolism of Cg-Cer via the ceramidase
pathway is not required for Cg-Cer-induced ABCA12 gene
expression.
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FIGURE 6. Ceramidase inhibitors increase endogenous ceramide levels
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and induce ABCA12 mRNA. A, cultured human keratinocytes were incu-

bated with vehicle (open bars) or o-MAPP (10 um; solid bars) for 6 or 24 h, and ceramide levels were determined (n = 4). B, cells were incubated with
vehicle, b-MAPP (10 um; dotted bar), Cs-Cer (5 um; hatched bar), or b-MAPP plus Cg-Cer for 16 h (n = 3). C, cells were transiently transfected with specific
alkaline ceramidase-1 siRNA (solid bar) or control siRNA (open bar) {n = 4). D, cells were incubated with vehicle control, B13 (5 um), Cs-Cer (5 um), or B13
plus Cg-Cer for 16 h (n = 3). E, cells were incubated with vehicle, B13 (2.5 um), -MAPP (2.5 pum), or B13 plus b-MAPP for 16 h. ABCAT2 mRNA levels were
measured in cells (B-£), and data are expressed as a percentage of control (100%) and presented as mean * S.E. Experiment was repeated at least once

with similar results. *, p < 0.05; **, p < 0.01; ***, p < 0.001; C6: C,-Cer.

Ceramides are well known to cause toxicity and apoptosis in
some cell lines. Hence, during the course of our experiments,
both trypan blue staining, a marker of cell toxicity, and a
TUNEL assay, a marker of apoptosis, were performed. After
16 h of incubation, we observed that trypan blue staining was
82% in controls versus 84% in the Cg-Cer (5 pm)-treated cells

JULY 10, 2009+VOLUME 284-NUMBER 28 NASHIN

(n = 3; repeated once with similar results), indicating that C,-Cer
did not cause cell toxicity. Similarly, following a 20-h incubation of
cells with vehicle, C4-Cer (5 um), D-PPMP (5 pm), b-MAPP (15
), or Ce-Cer plus D-PPMP/p-MAPP, the apoptotic cell number
was less than 3% in all groups (# = 3; repeated once with similar
results), indicating that these treatments do not induce apoptosis
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in keratinocytes under these culture conditions. Thus, under our
experimental condition, the cells are healthy and do not exhibit
any increased toxicity or apoptosis.

Blocking de Novo Synthesis of Ceramide Does Not Affect
ABCA12 mRNA Expression—Previous studies have shown that
de novo ceramide synthesis is robust in epidermis/keratino-
cytes (32, 38). Since exogenously added ceramide induces
ABCA12 expression, we next examined whether blocking
ceramide biosynthesis would decrease ABCA12 expression.
Myriosin and BCA are inhibitors of serine-palmitoyl trans-
ferase, the key enzyme for initiating de novo biosynthesis of
ceramides (39, 40) (Fig. 1). However, treatment with either
myriocin or BCA failed to alter ABCA12 expression (data
not shown). Furthermore, fumonisin Bl, a mycotoxin that
inhibits the activity of another key enzyme required for cer-
amide synthesis (Fig. 1), ceramide synthase (sphingosine
N-acyltransferase) (41, 42), also did not alter ABCAI12
expression (data not shown). Previously, we reported that
treatment with either BCA or fumonisin Bl decreases intra-
cellular ceramide levels in cultured human keratinocytes
(40). Thus, inhibiting de novo ceramide biosynthesis of cer-
amide did not affect ABCA12 expression.

Ceramide Induces ABCA12 Gene Expression via the PPARS
Signaling Pathway—Previously, we reported that activation
of PPARS markedly stimulates ABCA12 expression in cul-
tured human keratinocytes (18). Furthermore, activation of
PPARS also stimulates both ceramide and lamellar body for-
mation (20). To investigate whether ceramide increases
ABCA12 gene expression via the PPARS pathway, we ini-
tially examined the effect of ceramide treatment on expres-
sion levels of PPAR (a, §, and v), or LXR (@ and B). C,-Cer
preferentially increased PPARS mRNA levels (~4 fold) (Fig.
7A). In contrast, C-Cer had limited effects on PPARa,
PPARY, LXR-a, or LXR- mRNA levels (Fig. 7A4). Similar
results were obtained when keratinocytes were incubated
with C,-Cer (data not shown). C4-Cer also elevated PPARS
mRNA levels dose-dependently (Fig. 7B), and similar results
were obtained for C,-Cer treatment (data not shown).
Accordingly, C4-Cer markedly enhanced PPARS protein lev-
els (Fig. 7C).

In parallel to what was seen with ABCA12, inhibitors of glu-
cosyltransferase, such as p-PMPP and P4, increased PPARS
mRNA levels (Fig. 8, A and B). Furthermore, both p-PMPP (Fig.
8A) and P4 (Fig. 8B) were additive with C4-Cer in inducing
PPARS mRNA. Similarly, other inhibitors, such as b-MAPP,
also increased PPARS mRNA levels and were additive to C4-Cer
(Fig. 8C). Thus, both exogenous and endogenous ceramides
up-regulate PPARS mRNA expression.

Finally, to determine if this increase in PPARS expression
could mediate the Cg-Cer-induced increase in ABCA12
expression, we examined whether PPARS knockdown by
siRNA transfection would attenuate the increase in ABCA12
expression by exogenous ceramide. The siRNA knocked
down PPARS mRNA levels by ~70% (Fig. 9A). In parallel, the
PPARS siRNA transfection greatly diminished the Cy-Cer-
induced increase in PPARS mRNA levels (Fig. 94). Accord-
ingly, although Cg-Cer significantly increased ABCAI12
mRNA levels in keratinocytes transfected with negative con-

18948 JOURNAL OF BIOLOGICAL CHEMISTRY

*%k

500 +

400 4

300 1

200 4

100 1

NHR mRNA (% of control)

LXRa LXRb PPARa PPARd PPARr

1200 -
Hk
1000 A

800 -

600 1

400 -
Kk

wk
200 -

hPPARd mRNA (% of control)

ouM 4uM 6uM

CB6 concentration

8uM

24h 48h

PPARS (54 KDa)
@-actin (40 KDa)

Ccon Cé Con c6

FIGURE 7. Exogenous C4-Cer preferentially stimulates PPARS expression.
Cultured human keratinocytes were incubated with Cg-Cer (5 M) or vehicle
for 16 h, and mRNA levels of PPARq, PPARS, PPARYy, LXR-a, and LXR-3 were
measured {A). Alternatively, cells were treated with vehicle or various doses
(0, 4, 6, and 8 um) of C-Cer for 24 h (B), and PPARS mRNA levels were meas-
ured, expressed as a percentage of control (100%) and presented as mean +
S.E. {n = 4). In an another set of cells, following C4-Cer (5 pum) or vehicle treat-
ment for 24 or 48 h, PPARS protein levels {C) were measured as described
under “Experimental Procedures.” Experiments were repeated at least once
with similar results. ¥, p < 0.05; **, p < 0.01. Con, control; C6: C-Cer.

trol siRNA, this increase was markedly attenuated (~70%) by
PPARG& siRNA transfection (Fig. 9B). In contrast, the Cs-Cer-
induced increase in mRNA levels of involucrin, a differenti-
ation marker of keratinocytes, was not significantly attenu-
ated by PPARS siRNA transfection (Fig. 9C). Together, these
results indicate that the Cg-Cer-induced increase in
ABCA12 mRNA levels is mediated at least in part by PPARS,
since Cq-Cer preferentially stimulated PPARS expression,
and knocking down PPARS by siRNA transfection specifi-
cally attenuated the mRNA levels of ABCA12 but not other
C4-Cer-inducible mRNA levels (involucrin).
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FIGURE 8. Increasing endogenous ceramides by inhibiting glucosylceramide synthase or ceramidase stimulate PPARS expression. Cultured human
keratinocytes were incubated with vehicle, 0-PPMP (5 um), Ce-Cer (5 um), or 0-PPMP plus Cs-Cer for 16 h (A). Alternatively, cells were incubated with vehicle, P4
(10 pum), Co-Cer (5 um), or P4 plus Cg-Cerin the same medium for 16 h (B). In another set of experiments, cells were incubated with vehicle, o-MAPP {10 um), Cg-Cer
(5 um), or b-MAPP plus Co-Cer in the same medium for 16 h (C). PPARS mRNA levels were measured, expressed as a percentage of control (100%), and presented
as mean * S.E. (n = 3). Experiments were repeated at least once with similar results. * p < 0.05; **, p < 0.01; C: C,-Cer.

DISCUSSION

ABCAI2 plays an essential role in permeability barrier for-
mation, since human mutations and knock-out mice have
defective barriers, due to abnormal lamellar body formation (5,
14, 43). In this study, we demonstrate that ceramides, the pre-
cursor of glucosylceramides (Fig. 1), stimulate ABCA12 expres-
sion by a PPARS-dependent mechanism.

First, we showed that exogenous, synthetic, cell-permeable
ceramides, Cg-Cer and C,-Cer, when incubated with human
keratinocytes, increase the mRNA and protein levels of
ABCA12. In contrast, sphingosine, sphinganine, glucosylcera-
mide, or ceramide 1-phosphate did not alter ABCAI2 gene
expression. Second, increasing endogenous ceramide levels
also stimulated ABCA12 expression. Blocking the conversion
of ceramide to glucosylceramide by glucosylceramide synthase
inhibitors, inhibiting sphingomyelin synthesis from ceramides
by sphingomyelin synthase inhibitors, and blocking the hydrol-
ysis of ceramides to sphingosine by ceramidase inhibitors all
increased cellular ceramide levels and concomitantly increased
ABCA12 mRNA levels. Thus, both short-chain, exogenous
added synthetic ceramides and long-chain, endogenously pro-
duced ceramides stimulate ABCA 12 gene expression. However,
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blocking de novo ceramide synthesis with a number of different
inhibitors did not decrease ABCA12 expression. This may sim-
ply indicate that the basal expression of ABCA12 is regulated by
other factors and is not dependent on ceramide levels. Alterna-
tively, it is possible that inhibiting de novo ceramide synthesis
diminishes a cellular pool that does not regulate ABCA12
expression,

Our studies further suggest that ceramides per se and not
metabolites derived from ceramides (see Fig. 1) regulate
ABCAI12 gene expression. Blocking the conversion of cera-
mides into glucosylceramides or sphingomyelin by inhibi-
tors did not decrease the ability of C,-Cer to increase
ABCA12 mRNA levels. Similarly, blocking ceramidase activ-
ity, which is required for the formation of sphingosine and
sphingosine 1-phosphate, also did not decrease the ability of
Ce-Cer to increase ABCA12 mRNA levels. Additionally, as
noted above, sphingosine, sphinganine, ceramide 1-phos-
phate, and glucosylceramide did not alter ABCAI2 gene
expression. Together, these results suggest that ceramides
directly regulate ABCA12 expression. However, since the
specific molecular pathway by which ceramides increase
ABCA12 expression has not been fully elucidated, one can-
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FIGURE 9. Decreasing PPARS by siRNA specifically attenuates C.-Cer-
induced ABCA12 gene expression. Cultured human keratinocytes were
transiently transfected with a specific human PPARS siRNA or negative
control siRNA, followed by treatment with either vehicle or C4-Cer (5 um)
for 24 h. Messenger RNA levels of PPARS (A), ABCA12 (B), and involucrin (C)
were measured (n = 4) as described under “Experimental Procedures.”
Data are expressed as a percentage of negative control (100%) and pre-
sented as mean * S.E. Experiments were repeated twice with similar
results. **, p < 0.01; ***, p < 0.001 (versus negative control). ##, p < 0.01
(versus vehicle). NC, negative control; PPARd-si, PPARS siRNA; INV, involu-
crin; C6: C4-Cer.

not rule out the formation of an alternative ceramide metab-
olite accounting for the effect.

The involvement of ceramides in gene regulation has been
well documented. In cultured keratinocytes, synthetic C4-Cer
and C,-Cer have been shown to inhibit cell proliferation and to
promote cell differentiation (44). In addition, ceramide
enhances glucosylceramide synthase activity via increasing
gene transcription (45, 46) and induces acid sphingomyelinase
expression (47, 48). Ceramides have also been shown to directly
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stimulate the transcription of cyclooxygenase-2 in human
breast epithelial cells (49) and indirectly mediate the tumor
necrosis factor a-induced increase in cyclooxygenase-2 expres-
sion in human alveolar epithelial cells (50). In this study, we
demonstrated that ceramides stimulate the expression of
ABCA12, an important transporter for glucosylceramides. One
can view this as a feed-forward effect. As the keratinocyte
begins to produce increasing quantities of ceramides that will
lead to increased glucosylceramide synthesis, the ceramides
signal the cell to increase ABCA12 levels, which will facilitate
the transport of glucosylceramides into lamellar bodies. To fur-
ther support this notion, Zuo et al. (16) recently revealed that
loss of ABCA12 transport function by generating Abcal2™'~
mice causes a 90% reduction in epidermal linoleic esters of
long-chain w-hydroxy-ceramides, associated with an increase
in their glucosyl ceramide precursors. Thus, the ceramides
serve not only as a precursor of glucosylceramide formation but
also as a signaling molecule that will allow the keratinocyte to
transport the glucosylceramide to the appropriate location
within the lamellar body.

To further elucidate the mechanism underlying the ceramide-
induced stimulation of ABCA12 expression, we carried out time
course studies and noted that the increase in ABCA12 mRNA
occurs only after a ~9-h incubation, suggesting a secondary rather
than a direct stimulatory effect. Previous studies by our laboratory
(18) have shown that activation of PPARS stimulates ABCA12
expression, These observations prompted us to hypothesize that
ceramide might induce ABCAI12 expression via PPARS. Our
results demonstrate that PPARS signaling does play an important
role in the ceramide-induced stimulation of ABCA12 expression
in keratinocytes. First, Cs-Cer increases PPARS expression at both
mRNA and protein levels. Second, the stimulatory effect on
PPARS expression is not limited to exogenous ceramides but also
was seen with increases in endogenously produced ceramides. In
contrast, ceramides did not increase the expression of PPARg,
PPARYy, LXR-q, or LXR-B. Third, PPARS mRNA silencing by
siRNA transfection results in a significant attenuation of the cera-
mide-induced increase in ABCA12 gene expression. This attenu-
ation effect of ceramides on ABCA12 is specific, since the ability of
ceramides to induce other genes, such as involucrin, was not
altered by decreasing PPARS.

Thus, the ceramide-induced stimulation of ABCA12 gene
expression is an indirect effect and probably involves multiple
steps. Studies have shown that the expression of PPARS is
increased by AP-1 activation (51). Moreover, numerous studies
have shown that ceramides increase AP-1 activity in keratino-
cytes and other cells (51-55). We would therefore hypothesize
that ceramides increase AP-1 activity, leading to the increased
expression of PPARS, which subsequently stimulates ABCA12
gene expression.

PPARS is the most abundant PPAR isoform in keratinocytes
and is found throughout all layers of the epidermis (56). In
human keratinocytes, PPARS plays an important role in regu-
lating gene expression and regulates epidermal proliferation,
differentiation, and wound healing (19, 57). For example, acti-
vation of PPARS stimulates the expression of proteins, includ-
ing involucrin, loricrin, filaggrin, and transglutaminase 1,
required for the differentiation of keratinocytes into corneo-
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cytes (58, 59). PPARS activation also improves epidermal per-
meability barrier homeostasis by stimulating epidermal lipid
biosynthesis, including de novo ceramide synthesis (20). Finally,
activation of PPARS increases $B-glucocerebrosidase activity in
the stratum corneum (20), a key enzyme required for the con-
version of glucosylceramides to ceramides and the formation of
normal lamellar membranes. Whether the ability of ceramides
to increase PPARS expression will account for most of the
observed effects of ceramides on keratinocytes remains to be
determined. However, it should be noted that the increase in
involucrin expression induced by ceramide is not mediated by
PPARS signaling. Nonetheless, our study demonstrated that
PPARS mediates the ceramide-induced ABCA12 expression in
keratinocytes.

In summary, our results show that ceramide, an important
lipid component of epidermis, up-regulates ABCA12 expres-
sion via the PPARS signaling pathway, providing a substrate-
driven, feed-forward mechanism for regulating this key lipid
transporter required for lamellar body formation.
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Recessive dystrophic epidermolysis bullosa (RDEB) is
a severe hereditary bullous disease caused by muta-
tions in COL741, which encodes type VII collagen
(COL7). Col7al knockout mice (COL7™ /™) exhibit a
severe RDEB phenotype and die within a few days
after birth. Toward developing novel approaches for
treating patients with RDEB, we attempted to rescue
COL7™~/~ mice by introducing human COL741 cDNA.
We first generated transgenic mice that express hu-
man COL741 cDNA specifically in either epidermal
keratinocytes or dermal fibroblasts. We then per-
formed transgenic rescue experiments by crossing
these transgenic mice with COL7™*/~ heterozygous
mice. Surprisingly, human COL7 expressed by kera-
tinocytes or by fibroblasts was able to rescue all of
the abnormal phenotypic manifestations of the
COL7™ ™/~ mice, indicating that fibroblasts as well as
keratinocytes are potential targets for RDEB gene
therapy. Furthermore, we generated transgenic mice
with a premature termination codon expressing trun-
cated COL7 protein and performed the same rescue
experiments. Notably, the COL7™ ™/~ mice rescued
with the human COL7A1 allele were able to survive
despite demonstrating clinical manifestations very

similar to those of human RDEB, indicating that we
were able to generate surviving animal models of
RDEB with a mutated human COL7A1 gene. This
model has great potential for future research into the
pathomechanisms of dystrophic epidermolysis bul-
losa and the development of gene therapies for pa-
tients with dystrophic epidermolysis bullosa. (4m J
Pathol 2009, 175:000—000; DOIL: 10.2353/ajpath.2009.090347)

Dystrophic epidermolysis bullosa (DEB) is clinically char-
acterized by mucocutaneous blistering in response to
minor trauma, followed by scarring and nail dystrophy.
The blistering occurs along the epidermal basement
membrane zone (BMZ) just beneath the lamina densa at
the level of the anchoring fibrils. The inheritance of DEB
can be autosomal dominant (DDEB) or autosomal reces-
sive (RDEB), each comprising subtypes of different clin-
ical presentations and severities.! Both DDEB and RDEB
are known to be caused by mutations in the COL7AT
gene encoding type Vil collagen (COL7), the major com-
ponent of anchoring fibrils.? The most severe RDEB sub-
type, the Hallopeau-Siemens subtype, shows a complete
lack of expression of type VIl collagen, whereas a less
severe RDEB subtype, the non-Hallopeau-Siemens sub-
type, shows some collagen expression. The clinical fea-
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tures of DDEB are, in general, milder than those of RDEB
and tend to improve with age. The molecular mecha-
nisms of DEB have been thoroughly investigated, and
precise diagnosis and estimation of prognosis is now
possible. There is no specific treatment for different forms
of DEB, and the current focus of research is to develop
more effective treatments for this group of blistering
disorders.

Corrective gene therapy whereby normal COL7 is in-
troduced into the patients’ cells, has great potential as a
treatment for DEB. However, several obstacles must be
overcome before its clinical therapeutic application. First,
there have been no useful DEB animal models that re-
produce the human mutated gene for experiments. Al-
though COL7 knockout mice have been generated, most
of such mice die within a few days of birth, and none
survive more than 2 weeks.® A surviving DEB mouse that
was reported recently was the DEB hypomorphic mouse
model.* These mice, which had about 10% of the normal
mouse COL7, did not show the abnormal form and func-
tion of anchoring fibrils seen in human patients of RDEB.
Second, no studies have examined in detail whether the
introduction of the human COL7 gene into DEB mouse
cells can rescue the DEB phenotype without causing
adverse effects in a living DEB model. Third, there is
controversy over which cells may serve as optimal tar-
gets in gene therapies for DEB. Several studies have
targeted keratinocytes, because the cells that secrete
COL7 are mainly keratinocytes and to a lesser extent
fibroblasts.®>® However, we and others have recently re-
ported that injection of gene-transferred fibroblasts into
the skin can efficiently restore COL7 expression in the
dermal-epidermal junction in vitro.5~8 Furthermore, intra-
dermal injection of allogeneic fibroblasts into skin of pa-
tients with RDEB skin was shown to result in enhanced
COL7 expression in selected patients.® Therefore, we
need to compare keratinocytes and fibroblasts to clarify
their efficacy as target cells in an in vivo model system
of RDEB.

To address these issues, we generated transgenic
mice with human COL7A7 under different promoters
and performed transgenic rescue experiments on the
Col7a1™ /= background using those transgenic mice.
Furthermore, to develop a DEB model that accurately
reproduces human DEB not only in terms of clinical man-
ifestations but also in terms of gene mutation, we also
introduced a mutated human COL7AT gene into this
mouse model system and created human mutant gene-
expressing rescued mice corresponding to the surviving
animal of DEB. Our results advance our understanding of
the function and biology of COL7.

Materials and Methods

Generation of Transgenic Mice

Human full-length COL7A1 cDNA was constructed from
several overlapping cDNA clones (Sawamura et al,
2002). We used a pCMV expression vector (Invitrogen,
Carlsbad, CA) that contained the cytomegalovirus (CMV)
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Figure 1. Epidermis- or dermis-specific expression of the human COL741
full-length ¢DNA in the transgenic mice. A: Three expression vectors for
transgenic mice were constructed using the promoters of human K14, mouse
colla2, and CMV. The vector contains the $V40 splice donor/splice acceptor
(SD/SA) site and the SV40 polyadenylation (polyA) signal. B: We obtained
epidermis and dermis from the K14Tg mice (COL7¥"%), colla2Tg mice
(COL7<°"B%) and CMVTg mice (COL7*Y"%) and then examined human
COL7A1 mRNA expression by RT-PCR analysis. Molecular weight markers
(M) are a 100-bp DNA ladder. C: Expression of COL7 was also investigated
by Western blot analysis using anti-human monocional antibody LH7.2.
Molecular weight markers are a biotinylated protein ladder.

Western blotting

promoter, the simian virus 40 (SV40) splice donor/splice
acceptor site, the lacZ gene, and the SV40 polyadenyla-
tion signal. We selected human keratin 14 (K14),'° the
mouse pro-a 2 chain of type | collagen (col1a2),’” or the
CMV promoter for epidermis-specific, dermis-specific, or
ubiquitous expression of the transgene, respectively. We
first modified pCMV by replacing LacZ with human full-
length COL7AT cDNA, and the CMV promoter with the
human K14 or the mouse col1a2 gene. Finally, we pro-
duced three COL7A7 constructs for fransgenic mice (Fig-
ure 1A). They were digested with appropriate restriction
enzymes, purified, and introduced into BDF1 oocytes,
which were subsequently transplanted into the recipient
mice. Founders were bred to wild-type C57BL/6 females.
To confirm germline transmission, PCR analyses on
genomic DNA were performed (forward, 5’-CTCAGTG-
GATGTTGCCTIT-3"; reverse, 5'-TAAGAACACAATGT-
CAGCGG-3") using specific primers and the following
thermal cycling parameters: 94°C for 5 minutes, 94°C for
45 seconds, and 56°C for 45 seconds; followed by 35
cycles at 72°C for 45 seconds and 72°C for 7 minutes.
The transgenic (Tg) mice with K14, col1a2, and CMV
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Table 1. Summary of the Genetically Engineered Mice Involved in This Study
Mouse Genotype Phenotype

CoL7™/~ Knockout mouse with targeted disruption of the mouse Col7al encoding RDEB (severe disease
mouse type Vil collagen phenotype)

COL7™+/~ Col7a1 heterozygous knockout mouse Clinically normal

COoL7K -+ Transgenic mouse with human COL7AT driven by the human K14 promoter Clinically normal

COL 70+ Transgenic mouse with human COL7AT driven by the promoter of the gene Clinically normal
encoding mouse pro-a 2 chain of type | collagen

COL7CcMv-h+ Transgenic mouse with human COL7AT driven by the ubiquitous CMV promoter  Clinically normal

COL7m—/—, Ki4-h+
romoter

COL7m~/~, calt-h+ b
chain of type | collagen promoter

COL7™/—- CMV-h+ Boj7a1 knockout mouse rescued by human COL7AT with the CMV promoter

Transgenic mouse with mutated human type VIl collagen with 7528delG
mutation under the human K14 promoter

COL7™~/— K1a-ah+  Ooj7al knockout mouse with the mutated human type VIl collagen with

COL7K14-Ah+

7528delG

Col7al knockout mouse rescued by human COL7A7 with the human K14

Col7a1 knockout mouse rescued by human COL7AT with the mouse pro-a 2

Clinically normal
Clinically normal -

Clinically normal
Clinically normal

RDEB (moderate disease
phenotype)

Ki4-h+

promoters were designated as K14Tg mice (COL7 ),
col1a2Tg mice (COL7°°"™™) and CMVTg mice
(COL7EMV-"+) regpectively (Table 1).

Transgenic Rescue Experiment

Transgenic mice with different promoters (COL7X4*,
COL7°°""* and COL7°MV-"*+} were crossbred to het-
erozygous cof7al knockout mouse (COL7™*/) gener-
ated by Heinonen et al® to create heterozygous mice
carrying human COL7A1 ¢cDNA. Then these mice were
mated again with COL7™*/~ mice to obtain a mouse
that harbored the human COL7 gene in a col7al knock-
out background. The resulting transgenic rescue mice,
each with either the K14, colta2, or CMV promoter,
were, respectively, designated as CQL7™ 7/~ K14-h+
COL7™/m coli-b* " and COL7™ ™/~ OMV-"+ (Table 1).
The rescued mice (COL7™~/— K14h+ COL7m—/— colt-h+
and COL7™~/~ €MV-h+y ware analyzed by histopatho-
logical, immunofluorescence, and immunoblot analy-
ses as described below. Whole-skin samples from the
rescued mice were used for the immunoblot analysis.

RT-PCR and Western Blot Analysis

Mouse skin was obtained from the back of each mouse
and incubated with 10 mg/m! dispase for 8 hours at 4°C
to separate the epidermis and dermis. The epidermal and
dermal sheets were minced, and total RNA was extracted
using an RNeasy RNA extraction kit (Qiagen, Hilden,
Germany). The cDNA was synthesized with the Super-
Script First-Strand Synthesis System for RT-PCR (Invitro-
gen, Grand lIsland, NY) and subjected to PCR, using
specific primers (forward, 5-CTCAGTGGATGTTGC-
CTTTA-3'; reverse, 5'-TAAGAACACAATGTCAGCGG-3')
and the following thermal cycling parameters: 94°C for 5
minutes, 94°C for 1 minute, and 56°C for 1 minute; fol-
lowed by 35 cycles at 72°C for 1 minute and 72°C for 7
minutes.

For Western blot analysis, the epidermal and dermal
sheets were mixed with a protease inhibitor cocktail (Sigma-

u Aldrich, St. Louis, MO), homogenized, and centrifuged at

15,000 X g. The supernatant of each sample was sepa-
rated on a 5% polyacrylamide gel under reducing con-
ditions. Immunoblotting analysis was performed by incu-
bation with the LH7.2 monoclonal antibody (1:1000) for
18 hours at 4°C and then with secondary goat anti-mouse
IgG antibodies conjugated with peroxidase (1:2000) for 1
hour at 37°C. The resultant complexes were processed
using the Phototope HRP Western Blot Detection System
(Cell Signaling Technology, Beverly, MA) according to
the manufacturer’'s protocol.

Histopathological, Immunofiuorescence,
Ultrastructural, and Immunoelectron
Microscopic Analyses

Mouse skin samples were fixed in 10% formalin neutral
buffer solution for paraffin embedding or were immedi-
ately frozen in OCT compound and stored at —80°C.
Paraffin-embedded sections were cut to 5 um and
stained with H&E solution. Aiternatively, the LH7.2
monoclonal antibody against the NC-1 amino-terminal
domain of COL7 (Chemicon, Temecula, CA) was used
for immunofluorescence staining on frozen sections
from tissue samples embedded in OCT compound.
The bound antibodies were detected with fluorescein
isothiocyanate-conjugated goat anti-mouse 1gG anti-
body (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA). Nuclear counterstaining with pro-
pidium iodide was performed in some immunofluores-
cence labeling experiments.

For electron microscopic examination, skin specimens
were fixed in 5% glutaraldehyde, postfixed in 1% osmium
tetroxide, and stained en block in uranyl acetate. They
were dehydrated in a graded ethanol series and embed-
ded in Araldite 6005. Ultrathin sections were cut and
stained with uranyl acetate and lead citrate. The sections
were examined with a transmission electron microscope
(H-7100; Hitachi, Tokyo, Japan) at 75 kV. For semiquan-
titative morphometric analysis, the number of anchoring
fibrils on electron micrographs was counted and the
number of anchoring fibrils per unit length of lamina
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densa was estimated as number of anchoring fibrils/1 um
of lamina densa. Minimal anchoring fibril features re-
quired for guantification were the presence of an arch
structure of fibrils inserted into the dermis from the lamina
densa. Twenty electron microscopic sections were exam-
ined for each mouse line. For immunoelectron micro-
scopic analysis, skin samples were cryofixed with liquid
propane cooled with nitrogen, cryosubstituted at —80°C,
and low temperature-embedded at —60°C in Lowicryl
K11M resin before undergoing UV polymerization. Ultra-
thin sections were cut to 90 nm thickness. The LH7.2
monocional antibody was used as the primary antibody,
and then a goat anti-rabbit IgG 10-nm gold-conjugated
secondary antibody was used (Amersham, Poole, UK).
The sections were stained with urany! acetate and lead
citrate and examined with a transmission electron
microscope.

Transgenic Rescue Experiment with the Human
Mutated Gene

We generated a full-length human COL7A7 cDNA con-
taining the ¢.7528delG mutation and replaced the nor-
mal human COL7AT1 cDNA K14 promoter construct
(Figure 1A) with the human mutated COL7AT cDNA
(c.7528delG). The guanine at 7528 is at the end of the
collagenous domain of COL7, and the mutation creates a
premature stop codon at 18 bp downstream. The ex-
pressed protein is a truncated COL7 lacking the NC-2
domain at the C terminus. Using the same techniques as
described above, we produced transgenic mice by mi-
croinjection, screening PCR, and germline transmission.
The transgenic mice (COL7¥"AM*) were crossbred to
heterozygous col7a? knockout mouse (COL7™ /™). Then-
these mice (COL7™/~ K14-ahty were intercrossed to ob-
tain a mouse that harbored the mutated human COL7
gene in a col7al knockout background (Table 1). The
rescued mice (COL7™ ™/~ K14-4h+) were analyzed by his-
topathological, immunofluorescence, and immunobilot
analyses as described above.

Results

Generation of Transgenic Mice Showing
Keratinocyte- or Fibroblast-Targeted Expression
of Human COL7

To allow selective expression of human COL7AT in epi-
dermal keratinocytes or in dermal fibroblasts, we used
human K14 and mouse colla2 promoters, which have
been shown to specify epidermal and dermal expression
in mice, respectively.'®'! The mice with K14 or colfa2
promoters were designated as K14Tg mice (COL7"'*"*)
and col1a2Tg mice (COL7%°'"""*)  respectively (Figure
1A). In addition, the ubiguitous CMV promoter was used
to generate transgenic mice with both epidermal and
dermal expression (CMVTg mice: COL7°™MV™"*) (Figure
1A). To demonstrate tissue-specific expression, we ob-
tained epidermis and dermis from the mice and deter-

Human type VIl collagen

COL?CMV-h-r COL?(?oH-h«!- COL7K14-ht W“d type

Low-power view High-power view
Figure 2. Both epidermis- and dermis-targeted transgene products of hu-
man COL7 molecules were precisely localized in the dermoepidermal junc-
tion in the transgenic mice. Immunofluorescence staining with the anti-
human COL7 monoclonal antibody LH7.2 showed no human COL7
immunolabeling in the dermoepidermal junction of the wild-type mouse skin
(A and B). Skin samples from all three transgenic mouse lines (keratinocyte-
targeted K14Tg mice (COL7KY*) (C and D), fibroblast-targeted colla2Tg
mice (COL7""**) (E and F), and CMVTg mice with ubiquitous COL7
expression (COL7MY"*) (G and H) showed human COL7 linear staining at
the epidermal BMZ (white arrowheads). COL7¥"*"* mouse skin revealed
additional punctate staining in epidermal keratinocytes, and COL7°°"™™*
mouse skin showed additional diffuse staining in dermal fibroblasts. Dotted lines
demarcate the skin surface. Left column (A, C, E, and G), low-power view; right
column (B, D, F, and H), high-power view. Human COL7 immunolabeling,
green (fluorescein isothiocyanate); nuclear stain, red (propidium iodide). Scale
bars = 50 pm.

mined COL7AT mRNA expression by RT-PCR analysis
using primers specific for human transcripts. The results
show that COL7X"™* mice COL7AT mRNA expression is
restricted to the epidermis and mRBNA expression of
COL7A1 in COL7°°"™" mice is restricted to the dermis.
Expression of epidermal and dermal COL7AT mRNA was
detected in COL7™MY""* mice (Figure 1B). Western biot
analysis aiso shows epidermal or dermal expression
mostly consistent with the specific promoters, except for
a weak COL7 band detected in the dermal component
from COL7%'"* mice (Figure 1C). A small amount of
COL7 secreted by.epidermal keratinocytes moves into
the dermal side. The weak COL7 band in the dermal
component from COL7%""* mice probably reflects the
translocated COL7 peptides.

Immunofluorescence study using LH7.2 anti-human
COL7 monoclonal antibody showed the linear epidermal
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BMZ staining in all three transgenic mice lines (Figure 2,
A and B, wild-type; Figure 2, C and D, COL7%4h+.
Figure 2, E and F, COL7°°"""*: and Figure 2, G and H,
COL7OMV-8+)  COL7X'"* revealed additional punc-
tate staining in epidermal keratinocytes (Figure 2, C
and D), and COL7°°"*""* revealed additional diffuse
staining in dermal fibroblasts (Figure 2, E and F). In the
course of the transgenic mouse experiments, we obtained
several lines of mice and were able to generate offspring in
COL7X14h+  COL7°°" "+ and COL7°MY™M™ fineages. In
each transgenic line, we selected the mouse with the most
robust COL7AT expression for the subsequent rescue
experiments.

Clinical HE

A

Wild type

COL7m+

g COL7mF:.CMiw  COLTMmAcolthe  COLTmE Kidhe
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Keratinocyte-/Fibroblast-Targeted Transgenic
Rescue of COL7 Knockout Mice

Col7a1 knockout mice (COL7™~/7) exhibit a severe, re-
cessive DEB phenotype, and these mice die within a few
days after birth. We initiated transgenic rescue experi-
ments of COL7™~ mice by mating COL7™"~,
COL7eeh+ or COL7™MV-* transgenic mice. After fur-
ther crossing, transgenic mice on a col7al knockout
background (COL7™/~ K14t oL ym—/= colt-h+ " and
COL7™~/— CMV-0+y were generated, and they showed
expression of human COL7 under the different promot-
ers. All three different rescued mice (COL7™ ™/~ Kid-h+

Figure 3. Keratinocyte-/fibroblast-targeted hu-
man COL7A1 transgene can rescue COL7 knock-
out mice. A wild-type mouse showed a normal
phenotype (A) and intact dermoepidermal junc-
tion (B) without human COL7 expression (C,
white arrowheads). A COL7"™/" mouse had a
severe DEB phenotype (D) and apparent dermo-
epidermal separation (E, asterisks) without hu-
man COL7 (F, white arrowheads). All three
rescued mice (keratinocyte-targeted rescued
COL7™~/ Kb+ (G ), fibroblast-targeted res-
cued COL7™ /7 <l-h* 4]y and ubiquitous
CMV promoter-driven rescued COL7™ ™/~ €MV-h+
{M-0)) showed no DEB phenotype (G, J, and M)
and an intact dermoepidermal junction (H, K, and
N). Immunofluorescence labeling revealed human
COL7 in the basement membrane zone (white
arrowheads) in skin sections from all three res-
cued mice (I, L, and O). Skin from the keratino-
cyte-targeted rescued COL7™/ =+ XM+ moyse
showed additional punctate staining in epidermat
keratinocytes (B), and skin from the fibroblast-tar-
geted rescued COL7™ ™/ <00+ mgyge revealed
additional diffuse staining in dermal fibroblasts
(L). Immunofluorescence staining with anti-hu-
man COL7 monoclonal antibody, LH7.2, fluores-
cein isothiocyanate, green (C, F, I, L, and O).
White arrowheads, basement membrane zone;
asterisks, a blister cavity. Dotted lines demar-
cate the skin surface. Scale bars = 50 pum.
P: Immunoblot analysis for human COL7 in
the whole-skin samples from the wild-type
and the three rescued mouse lines. Human
COL7 protein expression was confirmed in the
whole skin of all three lines of rescued mice
(COL7™=/= Klth+  copgm=/= coll-ht  ,ng
COL7™™/7 EMV-h+y byt not in the wild-type
mice. From the density of immunoblot bands,
amounts of human COL7 expressed in the
whole-skin samples were the greatest in
COL7™7/7: ¢ot-h* jine among the three lines
of rescued mice. The other two rescued lines,
COL7()‘AV/*, CMV-h+ and COL7H\-/-, Kl‘ﬁ-h‘l" ex-
pressed roughly similar amounts of human
COL7.
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COL7m—/— colt-h+ and COL7™ '~ CMV-D*) showed nor-
mal appearance at birth, and no DEB phenotype was
observed (Figure 3, A, D, G, J, and M). Remarkably, all of
the rescued mice (COL7™ /- K14 hours-+ (5] gm—/=. calih+
and COL7™/~ EMV-h+y exhibited reproductive ability de-
spite the fact that the original COL7™ ™/~ mice were lethal
and unable to reproduce. All of these rescued mice had
at least a 1-year lifespan, similar to that of wild-type mice.
We could not detect any blistering, even on a histolog-
ical scale (Figure 3, B, E, H, K, and N) and immuno-
fluorescence study using LH7.2 showed positive linear
staining of COL7 along the BMZ in all three lines of
rescued mice (COL7™~/= K14h+ —CQLym~/~ colt-h+
and COL7™~/— M-y (Figure 3, C, F, |, L, and O). The
pattern of positive staining was essentially identical to that in
the respective original transgenic mice (Figure 2, A-H).
Immunoblot analysis for human COL7 in the whole-skin
samples from the transgenic rescued mice confirmed that
human COL7 protein was expressed in the whole skin
of all three lines of rescued mice (COL7™ /= Kiah+
COL7m /= eolih+ and COL7™ ™/~ SMV-h+) (Figure 3P).
The thicknesses of the immunoblot bands suggested
that, in the whole-skin samples, COL7™ ™/~ colt-h+ gy,
pressed the most human COL7 among the three lines
of rescued mice, and the other two rescued lines,
COL7M~ /= CMV-h+ gnd COL7™~/~ K4+ nroduced
simitarly less human COL7.

Electron microscopy of the skin showed newly formed
anchoring fibrils in the sublamina densa area in all of the
rescued mice (COL7™/— K14+ cOL7m~/~ coh+ and
COL7™~/— OMV-h+y (Figure 4, A, C, E, G, and 1). Semi-
quantitative morphometric analysis of numbers of an-
choring fibrils on electron microscopic images revealed
the anchoring fibril density in each mouse line as follows
(mean = SD number of anchoring fibrils/um): wild-type
COL7™+*, 341 *+ 0.43; COL7™/~, 0.00 + 0.00;
COL7™~ /= Ki4h+ 5 60 + 0.46; COL7™/— ooth* 585 +
0.39; and COL7™~/~ CMV-h+ "3 09 + 0.30 (Figure 4K).
Immunoelectron microscopic analysis of the skin ob-
tained from each line of rescued mice revealed that
LH7.2-labeled gold particles were localized in the lamina
densa of the BMZ (Figure 4, B, D, F, H, and J). The
epitopes of LH7.2 monoclonal antibody are known to
react to the NC-1 domain of COL7, which is known to be
located along the lamina densa.’® The results suggest
that COL7 synthesized from transgenes functioned cor-
rectly, irrespective of whether it originated from fibro-
blasts or from keratinocytes.

Generation of an Exact DEB Model Mice
Carrying Human COL7AT Mutation

In the course of cloning experiments, we obtained several
mutant COL7AT clones that demonstrated abnormal
COL7A1 expression. Subseguent sequence analysis re-
vealed that one of those clones had a ¢.7528delG mutation
in the COL7AT cDNA. We then constructed an expression
vector of the mutated COL7AT under the K14 promoter and
generated the transgenic mice. Next, we crossed these
mutant COL7K'+20* yransgenic mice with COL7™~ het-

x COL7m~I-, CMV-h+ COL7m4-; colt-h+ COL7“"I" Kid-h+
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Figure 4. Transgene products, which are human COL7 molecules, correctly
form anchoring fibrils in the rescued mice. Electron microscopy (EM) (A, C,
E, G, and I) demonstrated intact anchoring fibrils (black arrowheads) in the
sublamina densa area in a wild-type mouse (A). In contrast, the COL7™™/~
mouse had no anchoring fibrils (C). In all three rescued mice lines (kerati-
nocyte-targeted rescued COL7™ ™/ K14+ [E] fibroblast-targeted rescued
COL7™™/Treoltht (Gl and ubiquitous CMV  promoter-driven rescued
COL7™ ™/ EMV-h+ 1y anchoring fibril formation was restored in the sub-
lamina densa area (black arrowheads). Immunoelectron microscopy (IEM)
using LH7.2 (B, D, F, H, and J) revealed no human COL7 labeling (gold
particle) in intact anchoring fibrils (black arrowheads) of a wild-type
mouse (B). The COL7™™/~ mouse had neither anchoring fibrils nor human
COL7? labeling (D). Human COL7 (immunogold particles, white arrow-
heads) was localized in the lamina densa of the basement membrane zone
in all three rescued mice: keratinocyte-targeted rescued COL7™ ™/~ Blé-h+
(F), fibroblast-targeted rescued COL7™ /™ <" (H) and ubiquitous CMV
promoter-driven rescued COL7™™/~CMV-h+ (1) Black arrowheads, an-
choring fibrils; white arrowheads, human COL7 labeling (immunogold
particles); LD, lamina densa. Scale bars = 200 am. K: Semiquantitative
morphometric analysis of anchoring fibril density. Anchoring fibril density
was highest in ubiquitous CMV promoter-driven rescued COL7" ™/ CMV-ht,
second highest in fibroblast-targeted rescued COL7™ ™/ 7> <8+ and jowest
in keratinocyte-targeted rescued COL7™ ™/~ K14h* mice among the three
lines of rescued mice, aithough no statistically significant difference was
observed between any combination of the three lines.
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Figure 5. DEB model mice carrying a human COL7A41 mutation precisely reproduce the DEB phenotype. A-E: Col7a1 knockout mice rescued by full-length
human COL741 (COL7™~/~+ K¥h+) yre clinically normal. Forepaws of COL7™™/ = K140+ mjce at 14 days (C), 30 days (D), and 60 days of age (E). F-J: Col7al
knockout mice rescued by mutated human COL7A1 (COL7™ /™ K14-8h%) show gradual development of mild alopecia (), yellowish dental caries (G), and fusion
of the paw digits (I and J), corresponding to the clinical phenotype of human DEB. (K and M: A 2-year-old male patient harboring COL7AT mutations, ¢.{5818delC] +
p.[Gly2623Ser].'® L: A 10-year-old female patient whose mutations were unidentified. The diagnosis was confirmed by ultrastructural observation and
immunofluorescence studies. N: A 15-year-old male patient with pIGly2576Arg] + [Glu2858X].'* O: A 51-year-old female patient harboring p.[Gly1815Arg] +
[5818delCL.'5) Forepaws of COL7™™/ ™ K480+ mjce were documented at 14 days (H, scarring), 30 days (I, mild fusion), and 60 days of age (J, complete fusion)

(white arrowheads).

erozygous mice to obtain mutant COL7™ /= K144+ mjce,
We then performed transgenic rescue experiments by in-
tercrossing these mice (COL7™*/~ K14-40%) and obtained
COL7™~/~ K14-ah* mice. Immunoblot analysis on epider-
mal extract samples from COL7™ /= K144+ mice con-
firmed the expression of short, truncated human COL7 de-
rived from mutant COL7A1 (data not shown).

From birth, the COL7™/~ K144+ mice were indistinguish-
able from their wild-type littermates and showed no blister-
ing, not even on the paws, despite the fact that hemorrhagic
bullae are always found in COL7™/~ mice. The growth of
the human mutant-rescued mice (COL7™ ™/~ K14-ah+)y
was retarded, however, compared with that of their
wild-type littermates. Interestingly, the COL7™/— K14-an+
mice gradually developed the DEB phenotype, including
nail dystrophy, scarring on the paws, fusion of the digits,
yellowish dental caries, and mild alopecia, characteristic
features of human RDEB (Figure 5, K-0).%*-%5 it was difficult
to distinguish the alopecia seen in the COL7™ /- Ki-ah+
mice from barbarism only from clinical appearance. How-
ever, the penetration of the alopecia is almost 100% in the
COL7™~/= K14-Ah+ mice, whereas only a few wild-type lit-

termates that were kept in the same condition showed bar-
barism. Thus, this alopecia was considered to be a feature
specific to the COL7™~/~ K144+ mice. These DEB clinical
phenotypic manifestations were evident at 2 months of age
(Figure 5, F-J). The clinical course of the forepaws showed
a phenotype that is very characteristic of DEB. The
COL7™~/= K14-Ah+ myice showed no blistering at birth, yet
there was scarring of the forepaws 2 weeks later (Figure
5H). By 1 month, the paws had become mildly fused (Figure
51), and complete fusion of paws (mitten deformity) was
observed at 2 months (Figure 5J). The growth of the full-
length human gene-rescued mice (COL7™~/ K140+ did
not differ notably from that of the wild-type mice (Figure 5,
A-E). During histopathological investigation, although clini-
cally detectable blistering was not observed, we demon-
strated microblistering along the dermal-epidermal junction
in these mice (COL7™~/~ K14-ah+)y 1y histopathological

“analysis (Figure 6, A and C). Immunofluorescence analysis

showed immunoreactivity of human COL7 in the BMZ of the
COL7m~/~ K14-ah+ mice (Figure 6, B and D). Most of the
human mutant mice had about a 6-month lifespan (Figure 5,
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Figure 6. The humanized DEB model mouse shows subepidermal blistering
with deposition of mutant human COL7 at the dermoepidermal junction.
A: A COL7™™/ ™ Kl4b* moguse has histopathologically normal skin. C: A
COL7™™/~ K180+ gy5use shows subepidermal blistering (asterisks). B and
D: Immunofluorescence study using anti-human COL7 antibody, LH7.2,
reveals positive linear staining within the BMZ (white arrowheads), corre-
sponding to normal and mutant human COL7 in a COL7™ /7 B¥0+ moyge
and a COL7™ /7 Kl4-ah+ mguse, respectively (asterisks indicate a blister
cavity). Dotted lines demarcate the skin surface. Scale bars = 50 pm.

F-J). Thus, the clinical manifestations of human DEB were
reproduced in the mouse by corrective transfer of human
mutated COL7AT gene.

Discussion

COLY7 is a major component of anchoring fibril loop struc-
tures beneath the epidermal basement membrane. 26
Previous studies have indicated that epidermal keratino-
cytes are the primary source of COL7 in developing
human skin.®® Thus, epidermal keratinocytes have been

" the main focus in the development of corrective gene

therapies for DEB caused by COL7A7 mutations. How-
ever, we recently showed that gene-transferred fibro-
blasts can supply a larger proportion of COL7 to the new
dermal-epidermal junction as efficiently as gene-trans-
ferred keratinocytes.'” Moreover, fibroblasts are more
robust and less susceptible to growth arrest and differ-
entiation than are epidermal keratinocytes.® Our study is
are the first in vivo study to show that keratinocytes and
fibroblasts, through direct comparative studies, are both
feasible targets for DEB gene therapy. In addition, this
study can be extended to other basement membrane
proteins, and fibroblasts may provide those proteins from
the dermis toward the epidermis.

We first generated several transgenic mice with COL7
expression under the control of each of the following pro-
moters: K14, col1a2, and CMV. We have shown that COL7
expression from either keratinocytes or dermal fibroblasts
can be fully integrated into the epidermal BMZ in vivo. We
have also shown that expression of COL7 by either keratin-
ocytes or fibroblasts can successfully rescue COL7™/~
mice.® Consequently, the rescued mice (COL7™~/~ Klah+
COL7m~/= eolt-h+ " gng COL7™ /= EMV-h+) show expres-
sion of human COL7 under the control of the different pro-

moters. These three different rescued mouse lines show no
evidence of the DEB phenotype, and their- reproductive
ability was restored. Ultrastructurally, newly formed anchor-
ing fibrils were present, and the NC-1 domain of COL7
localized precisely in the lamina densa of the BMZ in the
rescued mice. Collectively, these results provide future
prospects for corrective gene therapy for DEB.

Generally speaking, the nature of promoters used in
transgenes does not always define the amount of transgene
expression in transgenic mice. In the present study, immu-
noflucrescence and immunoblot analysis suggested that
fibroblast-targeted rescued COL7™~/~ o+ mice ex-
pressed more human COLY than that expressed in ubiqui-
tous CMV promoter-driven rescued COL7™/— CMV-n+
mice and keratinocyte-targeted rescued COL7™ /- K14+
mice. Interestingly, in contrast, semiquantitative morpho-
metric analysis of anchoring fibril density revealed that an-
choring fibril density was highest in the ubiquitous CMV
promoter-driven rescued COL7™~/~ “MV-"* mica among
the three lines of rescued mice, although no statistically
significant difference was confirmed. We cannot explain the
exact mechanism behind this discrepancy. In ubiquitous
CMV promoter-driven rescued COL7™ ™/~ CMV-h+ qiin,
COL7 is produced by both fibroblasts and keratinocytes,
similar to the physiological manner of COL7 expression.
Thus, we speculate that, in COL7™ ™/~ OMV-h+ gkin COL7
peptides might be more efficiently assembled to form an-
choring fibrils, even if less protein is expressed than in the
COL7m~ /- colth or COL7™ ™/~ K14-h+ glin in which COL7
is expressed only by fibroblasts or keratinocytes, respec-
tively.

The mice developed in this study can also provide a
useful model for immunobullous diseases involving
COL7. Recently, we succeeded in generating a bullous
pemphigoid model.*® Passive transfer of bullous pemphi-
goid autoantibodies into wild-type mice has failed to in-
duce skin lesions, because of differences between hu-
mans and mice in the amino acid sequence of the
pathogenic epitope of the autoantigen, COL7.'® We in-
jected the patients’ autoantibody into murine COL7
knockout mice that had been rescued by the expression
of the human autoantigen. This resulted in successful
reactions by autoantigens and autoantibodies, thereby
producing the bullous pemphigoid phenotype. Epider-
molysis bullosa acquisita is an autoimmune blistering
disorder, and the patients’ autoantibodies react to COL7.
Therefore, the rescued mice with humanized COL7 that
we produced should be useful in future research on
epidermolysis bullosa acquisita as well.

Another interesting aspect of the present study is that
we were able to develop COL7X'*20+ transgenic mice
with human COL7A7 cDNA containing the mutation
€.7528delG. The COL7¥'*4"* transgenic mice and the
COL7™/~ Ki4-ah+ rascued mice showed positive hu-
man COL7 staining at the BMZ, indicating that COL7
without the NC-2 domain can still form a triple helix and
be secreted by keratinocytes. The characteristic compo-
nent of all collagens is the triple helix formed by three
subunits, and its assembly is based on the repetition of
the Gly-X-Y repeats. It has been suggested that a zipper-
like mechanism of triple helix formation starts from the C
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terminus toward the N terminus in collagens | and V2922
and from the N-terminal to the C-terminal direction in
epidermal type XVII collagen.?® Our experiments using
the genetically engineered mouse model suggest that the
N- to C-terminal mechanism of triple helix formation is
also possible for COL7. However, lack of the NC-2 do-
main, which is critical for antiparallel-dimer formation,
might cause partial and weak immunoreactivity of human
COL7 in the BMZ of COL7™ ™/~ K14-ah+/* mice. This
study demonstrates the importance of the NC-2 domain
in COL7 formation and assembly in vivo.

Of importance, we have generated a mouse mode! of
DEB that allows for long-term studies that were not possible
with the previously generated neonatal lethal COL7™ ™/~
col7al knockout mice. A surviving DEB mouse model (the
mouse COL7 hypomorphic mouse) that was recently re-
ported expresses mouse COL7 at approximately 10% of
normal levels.* These mice could survive longer than
Col7at1 knockout mouse (COL7™7) and present clinical
phenotypes (mitten hands and feet) similar to those of hu-
man DEB. The phenotypes of these model mice were pro-
duced from the gene-engineered mouse COL7 gene using
a hypomorphic technique. These mice had a high mortality
rate (67%) within 28 days without a change to a liquid diet
consisting of infant milk. On the contrary, our novel mouse
models of RDEB were generated by completely different
methodology using a mutated human COL7AT gene, and
the mouse could survive longer without use of a liquid diet.
Surprisingly, our original DEB model mouse is very
similar to humans not only in terms of clinical manifes-
tations but also in terms of the genetic background. In
fact, the COL7™ /= X14-4b+ mice demonstrated nail dys-
trophy, scarring on the paws, fusion of the digits, yellowish
dental caries, and mild alopecia, even in the absence of
overt blistering. The previous col7al knockout COL7™
mice developed spontaneous blistering soon after birth and
died within several days.® Thus, COL7™~/~ mice have not
been available for long-term experiments. In this study, the
production of rescued mice with mutated COL7AT
(COL7™/—+K14-Ahty has given us a surviving model of
DEB. This model has great potential for future research into
the pathomechanisms of DEB, wound healing, the develop-
ment of squamous cell carcinomas, and the development of
molecular therapies for patients with DEB.

Although we used cDNA with the mutation ¢.7528delG,
which causes a premature stop termination codon (PTC),
the consequences of the PTC mutation in the COL7AT
cDNA are different from those in the COL7A7T gene.
Genomic PTC mutations are subject to nonsense-medi-
ated mRNA decay, resulting in mRNA degradation in
some instances. In the literature, genomic PTC muta-
tions in COL7AT1 were previously reported to result in
nonsense-mediated mRNA decay and absence of
COL7 protein synthesis in severe generalized cases of
RDEB.242% Whether a genomic PTC mutation leads to
nonsense-mediated mRNA decay depends on the muta-
tion site.?® In contrast, the PTC mutation in cDNA does
not lead to mRNA decay and is thought to generate a
truncated protein. In fact, we confirmed the expression of
human COL7 derived from human mutant COL7AT in the
COL7™~/~ K14-ah+ mice by immunoblot analysis (data
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not shown) and immunofluorescence staining (Figure 6D)
in the present study. Approximately 300 distinct COL7AT
mutations have been identified in patients with DEB
around the world, and the clinical features, severity, prog-
nosis, and response to treatment vary depending on the
specific mutation.*®#427-31 Qur understanding of how
specific mutations produce differing clinical presenta-
tions and prognoses is limited. We believe that our sys-
tems have the advantage of being able to use human
genes. Because the COL7 gene is almost 30 kb in size,
introduction of the gene with PTC mutation might be
impractical. However, if we generate the same mouse
models with the patient-specific missense mutations in
the cDNA or with the patient-specific PTC mutation in
partial genomic DNA, which was inserted in the cDNA,
then they might be useful for evaluating the prognosis of
each patient with a certain mutation and for developing a
mutation-specific treatment. This strategy could be ex-
tended to the development of therapies tailored to other,
currently intractable inherited diseases.
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Scleroedema adultorum associated with sarcoidosis

doi: 10.1111/§.1365-2230.2009.03423.x

Sarcoidosis is a systemic granulomatous disease of
unknown aetiology that displays a wide variety of skin
features including maculopapules, nodules, plaques, sub-
cutaneous nodules, infiltrative scars, and lupus pernio.’
We report a case of sarcoidosis with subcutaneous indu-
ration of the neck.

A 62-year-old Japanese man presented with a 6-
month history of asymptomatic, firm indurations on the
neck. He had first noticed these skin lesions after bilateral
symmetrical hilar lymph-node enlargement was found
during routine chest radiography. Transbronchial biop-
sies resulted in the histological identification of non-
caseating granulomas compatible with sarcoidosis. The
patient had no history of diabetes mellitus or preceding
infection.

On physical examination, symmetrical, hard, nonpitting
indurations of the skin were found on the posterior neck
(Fig. 1a). The patient’s general health was good.

Results of routine laboratory studies including angio-
tensin-converting enzyme and tuberculin response gave
normal results, and there was no evidence of monoclonal
proteinaemia. Computed tomography scans showed

bilateral hilar lymphadenopathy but there was no other
lymphadenopathy noted.

Histological examination of skin-biopsy specimens taken
from the posterior neck revealed swelling of the dermal
collagen bundles without increase in fibroblast numbers,
and the subcutaneous fat had been replaced by collagen
fibres (Fig. 1b). A diagnosis of SA was made. Treatment
was started with steroid ointment or 9 months, but
without evident improvement.

SA is a rare disorder of unknown cause, but often
complicates diabetes mellitus. In such cases, the lesions are
usually limited to neck and upper back, and tend to be
persistent.” In contrast, in SA not associated with diabetes
mellitus, the lesions often spread to the face, trunk and
upper arms, but may spontaneously subside.>* However,
in spite of no obvious association with diabetes mellitus,
our patient had intractable induration distributed over
a localized area. Interestingly, in this case, development
of the skin lesion was coincidental with the diagnosis of
sarcoidosis. The clinical appearance was indicative of
scleroedema. There have been no previous reports of any
association between SA and sarcoidosis. Therefore, we first
suspected a subcutaneous form of sarcoidosis rather than
scleroedema. However, the histopathological findings con-
firmed a diagnosis of scleroedema.

-

Figure 1 (a) Symmetrical, hard, nonpitting induration on the posterior side of the neck: (b) inflammatory cell infiltration in the upper
dermis and swelling of collagen bundles in the lower dermis; (c) swelling of the dermal collagen bundles without any increase in fibroblast
numbers, and the replacing of subcutaneous fatty tissues by collagen fibres.

© 2009 The Author(s)

e428 Journal compitation © 2009 British Association of Dermatologists e Clinical and Experimental Dermatology, 34, e428-e429

—33b—



