
Introduction
The goal of epidermal differentiation is to form the epidermal
permeability barrier, which prevents excessive water loss and
entry of harmful substances into the body. The barrier is
localized in the stratum corneum, a two-compartment system
of protein-enriched terminally differentiated keratinocytes
(corneocytes) and lipid-enriched intercellular bilayers (Elias
and Friend, 1975; Downing, 1992).

The insoluble protein envelope located beneath the plasma
membrane of the keratinocytes is cross-linked by cellular
transglutaminase 1 (TG1) during terminal differentiation of
the epidermis. Involucrin, an early marker of terminal
differentiation, is a soluble protein precursor of the cross-linked
cornified envelope (CE) and is synthesized in the keratinocytes
of the upper spinous layers (Watt, 1983; Eckert et al., 1993;
Kanitakis et al., 1987; Negi et al., 1981; Rice and Green, 1979;
Steinert and Marekov, 1997). In hyperproliferative diseases like
psoriasis, premature expression of involucrin is found in the
lower spinous layers (Thewes et al., 1991). Another main
component of the CE is loricrin. It is expressed in a later stage
of differentiation (Watt, 1983) and is cross-linked to other
epidermal proteins such as cystatin, elafin or filaggrin.

The extracellular lipids of the barrier, predominantly

ceramides, are synthesized in the keratinocytes, stored in the
epidermal lamellar bodies and secreted into the intercellular
space of the stratum corneum (Elias, 1983). Beside its structural
role, ceramide is known as an important intracellular signal
mediator for various cytokines, in particular tumor necrosis
factor (TNF) (Liu et al., 1997; Perry and Hannun, 1998). TNF
binding to the p55 TNF receptor (TNF-R55) results in
activation of an endolysosomal acid sphingomyelinase
(Wiegmann et al., 1994; Krönke et al., 1996). Increase in
intracellular ceramide levels is followed by different cellular
responses depending on cell type and degree of activation such
as differentiation, proliferation and programmed cell death
(apoptosis) (Krönke et al., 1996; Jarvis et al., 1994; Kolesnick
and Golde, 1994; Geilen et al., 1997; Wakita et al., 1994). We
suggested a functional role of TNF and ceramide derived from
acid sphingomyelinase in cutaneous permeability barrier repair
after experimentally induced injury of the skin. We detected
high levels of sphingomyelinase and ceramides after barrier
disruption as well as a significant delay in barrier repair in TNF-
R55-deficient mice (Jensen et al., 1999). In understanding the
various biological effects of ceramides, it is important to know
their direct intracellular targets.

Recently, we found that the aspartatic protease cathepsin D
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We previously demonstrated that the aspartate protease
cathepsin D is activated by ceramide derived from acid
sphingomyelinase. Increased expression of cathepsin D in
the skin has been reported in wound healing, psoriasis and
skin tumors. We explored specific functions of cathepsin D
during epidermal differentiation. Protein expression
and enzymatic activity of cathepsin D increased in
differentiated keratinocytes in both stratified organotypic
cultures and in mouse skin during epidermal barrier
repair. Treatment of cultured keratinocytes with exogenous
cathepsin D increased the activity of transglutaminase 1,
known to cross-link the cornified envelope proteins
involucrin and loricrin during epidermal differentiation.
Inhibition of cathepsin D by pepstatin A suppressed the
activity of transglutaminase 1. Cathepsin D-deficient mice
revealed reduced transglutaminase 1 activity and reduced
protein levels of the cornified envelope proteins involucrin

and loricrin. Also, amount and distribution of cornified
envelope proteins involucrin, loricrin, filaggrin, and of the
keratins K1 and K5 were significantly altered in cathepsin
D-deficient mice. Stratum corneum morphology in
cathepsin D-deficient mice was impaired, with increased
numbers of corneocyte layers and faint staining of the
cornified envelope only, which is similar to the human
skin disease lamellar ichthyosis. Our findings suggest
a functional link between cathepsin D activation,
transglutaminase 1 activity and protein expression of
cornified envelope proteins during epidermal
differentiation.
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(CTSD) is a novel specific intracellular binding protein for
ceramide, derived from acid sphingomyelinase (Heinrich et al.,
1999). Ceramide enhances the proteolytic activity of CTSD.
CTSD is the main aspartatic protease of endolysosomes. It is
synthesized and translocated into the endoplasmic reticulum
as an inactive pre-proenzyme (52 kDa), processed into an
enzymatically active, intermediate proenzyme (48 kDa) and
finally converted into the mature form of 32 kDa in the lysosomes
(Fujita et al., 1991). CTSD is involved in the proteolytic
activation as well as proteolytic degradation of intracellular
proteins (Diment et al., 1988; Lazarus et al., 1974; Sato et al.,
1997). Increased levels of CTSD are correlated with tumor cell
invasion and metastasis in malignant melanoma, squamous cell
carcinoma and human breast cancer (Kageshita et al., 1995;
Kawada, 1997). Reports suggest that CTSD may play a role in
the metastasizing process of malignant cells because of their
destructive effects on the extracellular matrix. Therefore, CTSD
activity was used to predict recurrence in breast cancer (Tandon
et al., 1990). In HeLa cell cultures CTSD is a mediator
of programmed cell death induced by various cytokines.
Overexpression of CTSD induced cell death without any external
stimuli and the CTSD inhibitor pepstatin A suppressed cell death
in this system (Deiss et al., 1996). Some of these findings were
supported by in vivo studies in CTSD-deficient mice, generated
by gene-targeting. These mice developed normally during the
first 2 weeks. Afterwards they exhibited progressive atrophy of
the intestinal mucosa, followed by massive intestinal necrosis and
profound destruction of lymphoid cells. The mice died in a state
of anorexia at the age of 4 weeks, though lysosomal bulk
proteolysis was maintained, possibly due to compensatory
activation of related lysosomal proteases (Saftig et al., 1995).

In the skin CTSD plays a role in both extracellular and
intracellular catabolism. In hyperproliferative skin disorders
such as psoriasis, increased expression of the mature form of
CTSD has been reported, returning to normal after resolution
of the psoriasis by psoralen and long-wave ultraviolet radiation
(PUVA) light treatment (Kawada et al., 1997; Chen et al.,
2000). It was suggested that CTSD may be involved in the
control of cell differentiation during normal development.
Horikoshi et al. found increased expression and increased
activity of CTSD isoforms in the skin depending on the stage
of epidermal differentiation (Horikoshi et al., 1998). CTSD
enzyme is active at an acid pH (maximum at pH 3) and may
work at the transition of the stratum granulosum to stratum
corneum, because the stratum corneum produces an acid
environment (pH 5.5) (Öhmann and Valquist, 1994). Despite
these results, function and cellular substrates of CTSD in
epidermal differentiation are still unknown.

In the present study we explored the functional role of CTSD
in the skin during permeability barrier repair and epidermal
differentiation using keratinocyte cell culture, wild-type
and CTSD-deficient mice. In particular, we examined the
functional role of CTSD in the activation of keratinocyte TG1
as a key enzyme for the processing of CE proteins such
as involucrin, loricrin and filaggrin during epidermal
differentiation.

Materials and Methods
Mice and cells
Male hairless mice (Crl: (hr/hr)BR) 4-12 weeks of age were

supplied by Charles River, Sulzfeld, Germany. CTSD-deficient
mice (C57BL/6) were obtained by gene targeting as described
before (Saftig et al., 1995). Progeny of heterozygous CTSD-
deficient mice were genotyped by PCR of genomic DNA from tail
biopsies. The animals were maintained conventionally under
standardized conditions. The study protocols were approved by the
University of Kiel, Committee of Animal Care. Normal human
keratinocytes and stratified keratinocytes (organotypic, raft
cultures) were obtained from human foreskins. Primary
keratinocytes were maintained in serum-free keratinocyte growth
medium (KGM, Clonetics, San Diego, USA), supplemented with
0.07 mM calcium, and grown to 60-80% confluency. Also,
immortalized HaCaT keratinocytes were used (Boukamp et al.,
1988). Human raft cultured epidermis was prepared as described
previously (Steude et al., 2002). Briefly, primary dermal fibroblasts
and keratinocytes were prepared from foreskin and grown as
described previously (Mielke et al., 1990). Third passage fibroblasts
(5-7×105) were resuspended in ice cold collagen solution
containing 5.3 mg collagen type I, 1× Dulbecco minimal Eagle’s
medium (DMEM; Gibco-BRL), 2 mM L-glutamine (Gibco-BRL),
0.5% NaHCO3, 66.7 mM Hepes and 0.03 M NaOH, and submerge
cultured in DMEM + 10% fetal bovine serum for 5 days. Third
passage keratinocytes (5×105) were seeded onto these collagen
lattices and submerge cultured for 4 days in keratinocyte growth
medium (KGM Bullet kit; BioWhittaker Europe, Belgium) + 5%
fetal bovine serum. Raft cultures were lifted to the air-medium
interphase and incubated in keratinocyte growth medium without
bovine pituitary extract and EGF, but with additional 5% fetal
bovine serum and 1.25 mM CaCl2. Growth factors were added into
the medium. The medium including growth factors was renewed
every 2-3 days. Raft cultures were harvested and frozen at –70°C.

Permeability barrier disruption
Disruption of the permeability barrier was induced in hairless mice
by tape stripping (Tesafilm , Beiersdorf, Hamburg, Germany) to
remove cells from the stratum corneum, resulting in a superficial
wound, until a 20- to 30-fold increase in transepidermal water loss
(TEWL), as a marker of barrier disruption, was achieved (Meeco

electronic water analyzer, Meeco Inc., Warrington PA) (Spruit and
Malten, 1966; Grubauer et al., 1989). Barrier recovery was calculated
as follows: Barrier recovery (%)=100 – (xh – baseline)100/(0h –
baseline). (xh=TEWL × hours after barrier disruption; oh=TEWL
directly after barrier disruption; baseline=normal TEWL of the skin
without barrier disruption). In the hairy CTSD-deficient mice the fur
was carefully removed by shaving prior to barrier disruption. The
shaving did not result in irritation or barrier disruption. For each
experiment, at least three animals were treated and at least three
animals served as control. At different times after barrier disruption
(0-24 hours), TEWL, as a marker of barrier repair, was measured and
skin samples of about 4 cm2 were obtained.

Measurements of the basal TEWL
Measurements of the basal TEWL were performed using the
Tewameter® (Courage and Khazaka, Germany) as described
previously (Jensen et al., 2000). (The sensitivity of the Tewameter®

for the small changes in TEWL as seen under basal conditions is
higher than that of the Meeco® water analyzer.)

Topical application of pepstatin A to normal mouse skin
Immediately after barrier disruption, 100 µl of pepstatin A (0.1%) in
propylene glycol/isopropanol 7:3 (v/v) was applied topically. Vehicle
application served as control. TEWL was determined at different time
points after barrier disruption (0-24 hours) and skin samples (about 4
cm2) were taken.
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Isolation of epidermal samples after acute barrier disruption
Flank skin of the treated or untreated sites were excised and
immediately placed epidermal-side down onto a covered Petri dish
containing crushed ice. The skin pieces were scraped with a scalpel
blade to remove subcutaneous fat and immersed at 37°C for 40
minutes in 10 mM EDTA in calcium- and magnesium-free phosphate-
buffered saline (PBS). Thereafter, the epidermis was peeled off the
dermis by gentle scraping with a scalpel blade. ~15-20 mg epidermis
were disrupted in 350 ml buffer H [150 mM KCl, 5 mM NaF, 1 mM
phenylmethylsulfonylfluoride, 20 µM pepstatin, 20 µM leupeptin, 20
µM antipain (Boehringer Complete, 1:100) in Hepes pH 7.4] with an
electric glass homogenizer (Potter S , Braun, Melsungen, Germany)
at 600 rpm for 4 minutes. Cells were homogenized by passing through
a 28 G needle followed by sonication three times for 10 seconds. To
analyze the involucrin and loricrin expression the entire skin sample
was excised, the subcutaneous fat removed and the skin disrupted with
the Ultrathurrax (IKA Labortechnik, Staufen, Germany) in Tris-
buffer (85 mM NaCl, 50 mM Tris, pH 7.4) and homogenized with the
Potter S as described. Subsequently the probes were boiled for 10
minutes and lysates were cleared by centrifugation for 5 minutes
(20,000 g).

Isolation of culture cells
The keratinocyte culture cells were harvested by incubation with
trypsin-EDTA, scraped into PBS, pelleted by centrifugation (5
minutes, 800 g), homogenized in buffer H and sonicated. After
centrifugation all supernatants were stored at –80°C.

Determination of CTSD, TG1, involucrin and loricrin
Protein concentration was measured by the bicinchoninic acid
protein assay (Pierce, Rockford, USA). Equal protein samples were
electrophoresed on 7.5% or 12.5% polyacrylamide gels and
transferred onto nitrocellulose filters at 100 V for 45 minutes (Mini-
Transblot Biorad, Munich, Germany). CTSD in cell cultures was
detected by incubation for 1 hour at room temperature with a
polyclonal rabbit anti-human CTSD antibody at a dilution of 1:1000
in TBST (Calbiochem, Oncogene Science, USA), CTSD in mice was
detected with a rabbit anti-mouse CTSD antibody (kindly provided
by R. Pohlmann, University Münster, Germany), TG1 by a goat anti-
human polyclonal antibody [kindly provided by S. Y. Kim and P.
Steinert, NIH, Bethesda MD (see Kim et al., 1995)] and involucrin
and loricrin were detected by rabbit anti-mouse antibodies (PRB 142C
and PRB 145P, respectively, Covance Inc., CA, USA distributed
by Hiss Diagnostics, Freiburg, Germany). Secondary antibody
complexes were visualized using a chemiluminescent detection
system (ECL; Amersham, Braunschweig, Germany), and quantified
by densitometry (PC-BAS TINA software).

CTSD assay
To estimate the activity of cellular CTSD an assay was performed
using parathyroid hormone (PTH) as a specific substrate as previously
described (Heinrich et al., 1999). Digestion of PTH results in cleavage
of the hormone between Phe34 and Val35 yielding PTH (1-34)
and PTH (35-84) fragments. PTH proteolysis was detected by
immunoblotting using a monoclonal antibody and could be blocked
by the aspartate-protease inhibitor pepstatin A, a selective inhibitor of
CTSD. 2 µg lysate-protein were incubated for the indicated times with
50 ng PTH at 37°C in a volume of 20 µl acidic buffer (100 mM sodium
acetate, 100 mM KCl, pH 4.2). To demonstrate CTSD specificity of
the reactions, 0.5 µM pepstatin A was added to the assay as indicated.
One sample containing PTH in acidic buffer but without lysate served
as control. Reactions were stopped by boiling the samples for 3
minutes with Tris-tricine-SDS sample buffer (2% β-mercaptoethanol,
12% glycerol, 50 mM Tris pH 6.8, 4% sodium dodecyl sulfate, 0.01%

Coomassie G). Proteins were separated on 15% SDS-PAGE and
transferred onto nitrocellulose filters. Immunoblotting was performed
using anti-PTH mouse antibody specific for fragment 1-34
(Biogenesis) and anti-mouse secondary horseradish-peroxidase
conjugate. Blots were developed using the ECL detection reagent
(Amersham).

TG1 assay
Mouse epidermis was disrupted with the Ultrathurrax (IKA
Labortechnik, Staufen, Germany) and homogenized with the Potter
S , as described, in a buffer containing 20 mM sodium phosphate,
pH 7.2, 0.5 mM EDTA, 10 mM dithiothreitol, 50 µg/ml
phenylmethylsulfonylfluoride. Epidermal cells were lysed in the same
buffer by sonication. Epidermal TG1 activity was measured as
described previously (Hohl et al., 1998). Briefly, 5 µg of tissue extract
was added to 95 µl of a solution containing 0.5 M sodium borate pH
9, 5 µl 10 mM EDTA pH 8, 5 µl of 100 mM CaCl2, 20 µl of
dimethylcasein (10 mg/ml), 2.5 µl of 10% Triton X-100, 0.5 µl of 1
M dithiotreitol, 2.8 µl of 100 µM putrescine, 1 µl of [1,4 (n)-3H]
putrescine dihydrochloride (1 mCi/ml, 10-30 Ci/mmol; NEN) and
48.2 µl H2O. After incubation at 28°C for 30 minutes, 80 µl were
applied to cellulose filter papers (Whatman) and washed sequentially
in 10% TCA and 0.1% putrescine, 5% TCA and 0.05% putrescine and
95% ethanol. Radioactivity was determined by liquid scintillation
counting. TG1 activity is expressed as pmol [3H]putrescine
incorporated into dimethylcaseine per hour and mg protein. For
evaluation of the effects of CTSD on TG1 activity, membrane
fractions were prepared from the lysates: homogenates were
centrifuged at 25,000 g at 4°C for 30 minutes. The pellet was re-
extracted by sonication with the same buffer supplemented with 1%
Triton X-100. After 10 minutes incubation at 37°C, the lysate was
centrifuged as above and the supernatant (membrane fraction)
collected. TG1 activity in the membrane fraction was measured as
described above for whole tissue extracts.

Skin histology
Chemical fixation and embedding for light and electron microscopy
were as follows. Skin samples were prefixed overnight in modified
Karnovsky’s medium (Elias and Friend, 1975) at 4°C, washed twice
with 0.2 M sodium cacodylate buffer for 10 minutes each, and
postfixed with 1% (w/v) OsO4 in 0.133 M sodium cacodylate buffer
containing 0.5% (w/v) K4Fe(CN)6 at 4°C for 45 minutes.
Subsequently, specimens were dehydrated in an ethanol series and
embedded in Epon 812 (Luft, 1961). Polymerization was carried out
overnight at 60°C. Semi-thin sections were cut on an ultra-microtome
(Leica UCT, Leica Bensheim, Germany) and after staining
investigated in a Zeiss Axioskop 40 (Zeiss, Göttingen, Germany) with
transmission mode. For electron microscopy, ultra thin sections were
cut and post-stained according to the method of Reynolds (Reynolds,
1963) and subsequently investigated in a Philips CM 10 electron
microscope.

Immunohistochemistry
Skin samples were fixed in formaldehyde and embedded in paraffin.
5 µm sections were incubated with 3% H2O2 for 5 minutes to block
endogenous peroxidase activity, rinsed, and microwave irradiated at
650 W for antigen detection according to the method of Hazelbag et
al. (Hazelbag et al., 1995). After blocking unspecific antibody binding
by incubation with 20% pig serum (DAKO, Germany), the primary
antibodies were applied for 30 minutes at room temperature. The
primary antibodies: anti-keratin K1 (1:500), anti-keratin K5 (1:1000),
anti-keratin K6 (1:500), anti-involucrin (1:1000), anti-loricrin (1:500)
and anti-filaggrin (1:1000) (Hohl, 1993; Rosenthal et al., 1992). All
primary antibodies were purchased from Hiss Diagnostics, Germany.
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A strep AB complex/HRP was used as third antibody, followed by
incubation with diaminobenzidine as substrate for the peroxidase.

Results
Increased protein levels and activity of CTSD in
differentiated keratinocyte cultures
To investigate the functional role of CTSD during epidermal
differentiation, we first investigated the amount and enzyme
activity of CTSD in primary undifferentiated keratinocytes and
in differentiated, stratified keratinocyte cell cultures (Steude et
al., 2002; Asselineau et al., 1986) by western blotting and a
specific bioassay. In primary keratinocytes the three known
isoforms of CTSD (52 kDa, 48 kDa and 32 kDa) were detected
with the 48 kDa form being the main product. In 20-day-old
stratified cultures, expressing various signature proteins of
keratinocyte, cornification and differentiation (Steude et al.,
2002), we found a significant increase of the 52 kDa and the
48 kDa CTSD forms (Fig. 1A). The 52 kDa protein represents
the enzymatically inactive pre-pro CTSD form, while the 48
kDa protein is the active membrane-bound enzyme (Fujita et
al., 1991).

The enzymatic activity of CTSD in primary and
differentiated keratinocytes correlated with the amount of
CTSD protein and was significantly enhanced in the 20-day
stratified cultures as estimated by cleavage of the CTSD-
specific substrate PTH 84 amino acid polypeptide (Heinrich et
al., 1999) resulting in generation of the 34 amino acid fragment
The amount of PTH decreased (upper part of Fig. 1B), while
CTSD activity, calculated as the amount of PTH cleaved/hour,
was increased in differentiated keratinocytes (Fig. 1B). These
results indicate that both CTSD protein and enzymatic activity
correlate with the stage of keratinocyte differentiation in vitro.

Increased epidermal expression and increased activity
of CTSD after experimental injury to the skin in hairless
mice
To evaluate the possible role of CTSD in the skin during
epidermal differentiation in vivo, we determined the protein
levels and activity of CTSD during epidermal barrier repair
following experimental barrier disruption by tape-stripping.
Following experimental skin injury the expression of the
active, intermediate 48 kDa proenzyme (Fig. 2A, black bars)
and the mature 32 kDa form (Fig. 2B, black bars) was
significantly increased at 3 hours and 5 hours (+185% and
+215%, P<0.05, n=4 for 48 kDa form and +204% and +260%,
P<0.05, (n=4) for the 32 kDa form, respectively) as estimated
by western blotting

Inhibition of CTSD by topical application of the CTSD
inhibitor pepstatin A suppressed an increase in the amount of
both the intermediate and the mature enzyme after barrier
disruption (Fig. 2A,B, grey bars).

The increase of CTSD protein was paralleled by enhanced
CTSD enzyme activity at 3 hours and 5 hours after skin injury
as determined by PTH cleavage assays (Fig. 3). Topical
application of pepstatin A resulted in a decrease in enzymatic
activity at 6 hours after treatment (data not shown). Together,
these data demonstrate increased protein expression and
increased enzyme activity of CTSD during skin repair and
epidermal differentiation.

TG1 activity is stimulated by exogenous CTSD in
keratinocytes in culture
During epidermal differentiation the CE proteins involucrin,
loricrin and filaggrin are cross-linked by the formation of ε-(γ-
glutamyl)lysine isodipeptide bonds catalyzed by TG1 (Kim et
al., 1995). In addition, it has been described that TG1 catalyzes
covalent ester binding of ω-hydroxyceramide to involucrin
(Nemes et al., 1999). Thus this enzyme mediates key functions
in epidermal differentiation. Since CTSD may be involved in
the regulation of the activity of TG1 (Negi et al., 1981; Negi
et al., 1990) we investigated a possible direct involvement of
CTSD in the proteolytic activation of TG1. Since the high
molecular mass TG1 precursor protein is membrane bound
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Fig. 1. Increase in protein expression and activity of CTSD in
differentiated keratinocyte cultures. (A) Protein expression of CTSD
isoforms in the primary and differentiated keratinocytes was
determined in cell lysates by western blotting using anti-CTSD
antibodies. There was an increase in the prepro and enzymatically
active pro forms in differentiated keratinocytes. (B) CTSD activity
was measured by an in vitro enzyme assay of keratinocyte lysates
using parathyroid hormone (PTH) as a CTSD-specific substrate. The
amount of PTH in the absence of sample protein was used as a
control. The level of PTH protein was determined by western
blotting using anti-PTH mAb (peptide 1-34) and quantified by two-
dimensional laser scanning densitometry (Molecular Dynamics
Personal Densitometer). CTSD activity, calculated as the amount of
PTH cleaved/hour, was increased in differentiated keratinocytes.
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(Chakravarty and Rice, 1989; Steinert et al., 1996b), and upon
terminal differentiation of keratinocytes TG1 is cleaved at two
sites, leading to a more active form (Rice et al., 1990; Kim et
al., 1995; Steinert et al., 1996a; Steinert et al., 1996b), we
prepared a membrane fraction from lysates of HaCaT cells as
starting material. The enzymatic activity of TG1 was measured
in the membrane preparation after addition of exogenous
CTSD in the absence and presence of pepstatin A in an in vitro
TG1 assay based on the cross-linking of [3H]putrescine to
dimethylcasein as substrate (Hohl et al., 1998). As shown in
Fig. 4, TG1 activity was increased by exogenous CTSD and
the enzymatic activation was blocked by pepstatin A. This
result suggests a CTSD-mediated proteolytic activation of
a (membrane-bound) TG1 precursor molecule leading to
enzymatically active TG1 fragments. This observation
supports a functional link between CTSD and TG1 activities.

Topical application of the CTSD inhibitor pepstatin A or
of TG inhibitor monodansyl cadaverin significantly
delayed permeability barrier repair
To investigate the physiological significance of CTSD in
epidermal differentiation, we next examined barrier recovery
following experimental skin injury and topical application of

the CTSD inhibitor pepstatin A. At different times after barrier
disruption by tape-stripping (0-24 hours), TEWL, as a marker
of barrier repair, was measured (Grubauer et al., 1989). After
experimental barrier disruption endogenous barrier repair
commenced. A rapid decrease in TEWL leading to about 60%
barrier recovery occurred in hairless mice within 5 hours. This
was followed by slower kinetics of barrier recovery within the
next 24 hours. Topically application of the CTSD inhibitor
pepstatin A immediately after barrier disruption led to a
significant delay in barrier repair at 1, 3, 5, 7 and 24 hours after
treatment (Fig. 5A).

In addition, the functional role of TG1 in cutaneous
differentiation and permeability barrier repair was examined by
topical application of the TG1 inhibitor monodansyl cadaverin
after experimental skin injury. At different times after barrier
disruption by tape-stripping, TEWL was again determined as
a marker of barrier repair. After application of monodansyl
cadaverin, we found a significant delay in barrier repair at 1,
3, 5, 7 and 24 hours after treatment (Fig. 5B). These results
show that inhibition of CTSD or TG1 activity influences
epidermal differentiation and delays permeability barrier
repair.

Reduced TG1 enzymatic activity and defective TG
processing in CTSD deficient mice
Based on our observation that CTSD is able to activate TG1 in

Fig. 2. Increased epidermal expression of CTSD after experimental
skin injury. Acute disruption of the permeability barrier was induced
by tape-stripping. Immediately, pepstatin A or the carrier solution
was applied and skin samples were obtained at different times. The
expression of the active, intermediate (A) and the mature form (B) of
CTSD were examined by SDS-PAGE and western blotting using
polyclonal anti-CTSD antibody and quantified by two-dimensional
laser scanning densitometry.

Fig. 3. Increased activity of CTSD after experimental skin injury.
Acute disruption of the permeability barrier was induced by tape-
stripping. Immediately after barrier disruption, pepstatin A or the
carrier solution was applied and skin samples were obtained directly
after tape-stripping (0 hours) or after 3 and 5 hours. CTSD activity
was measured by specific parathyroid hormone (PTH) enzyme
assays. The level of PTH protein was determined by western blotting
using anti-PTH mAb (peptide 1-34). The amount of PTH in the assay
at the starting point was used as a control and CTSD activity was
calculated as the amount of PTH cleaved/hour.
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vitro (Fig. 4), we next explored the possible role of CTSD in
the regulation of TG1 expression in CTSD-deficient mice in
vivo. Using a specific TG1 enzyme assay, we found
significantly decreased TG1 activity in the epidermis of
heterozygous (CTSD(+/–)) mice which was further reduced in
homozygous (CTSD(–/–)) mice (Fig. 6). In order to investigate
whether this decreased TG1 activity in CTSD(–/–) mice is
caused by a defective processing of a TG1 precursor molecule,
we analyzed the distribution of TG1 protein by western
blotting using a specific anti-TG1 antibody. A strongly band of
approximately 35 kDa was detected in the epidermis from
wild-type mice, but this band was significantly decreased in
the skins of CTSD-deficient heterozygous and even more in
homozygous mice (Fig. 7). In CTSD(–/–) mice, a 150 kDa
protein was strongly expressed instead, which was also seen
in CTSD(+/–) mice, but completely absent in wild-type mice.
These finding suggest a defective processing of a 150 kDa TG1
precursor protein in the epidermis of CTSD-deficient mice and
points to a functional role of CTSD in the maturation of a 150
kDa TG1 precursor to an enzymatic active 35 kDa form in vivo.

Reduced levels of involucrin and loricrin in CTSD
deficient mice
We next investigated whether CTSD deficiency also results in
changes in the expression of involucrin as an early marker, and
loricrin as a late marker, of epidermal differentiation (Watt,
1983; Yoneda et al., 1992; Steinert and Marekov, 1997). In
epidermal samples from wild-type mice, involucrin (Fig. 8A)
and loricrin (Fig. 8B) were expressed as 65 kDa and 50 kDa
proteins, respectively, as estimated by western blotting. In
CTSD(+/–) mice, the levels of these proteins were clearly

reduced and in CTSD(–/–) mice completely absent, suggesting
a crucial function of CTSD for the appearance of 65 kDa
involucrin and 50 kDa loricrin in the epidermis.

Changes in the immunohistology of differentiation-
related proteins in CTSD(–/–) mice
To examine the protein expression and localization of
differentiation-related epidermal proteins, we performed
immunohistology using specific antibodies. As shown in Fig.
9 keratin K1 staining in healthy skin is only found in suprabasal
layers of the epidermis, whereas keratin K5 is only expressed
in epidermal basal cells. In CTSD(–/–) mice there is a focal
extension of K1 staining to the basal layer. Staining for K5 is
focally extended to the upper epidermal layers in CTSD(+/–)

mice and the entire nucleated epidermis is stained in CTSD(–/–)

mice. Also, the thickness of the epidermis (stratum

Journal of Cell Science 117 (11)

5 15 30 45 60

12

10

0

8

6

4

2

tr
an

sg
lu

ta
m

in
as

e 
ac

tiv
ity

[p
m

ol
 / 

m
g 

/ h
ou

r]

Incu bation (minutes )

Fig. 4. CTSD stimulates transglutaminase 1 (TG1) activity in
primary keratinocytes in vitro. Isolated membranes from HaCat-cells
were left untreated (black squares), treated with pepstatin A (black
circles), or with purified CTSD in the absence (black triangles) or
presence of pepstatin A (white triangles) for 30 minutes and were
subsequently measured for TG1 enzymatic activity by an in vitro
enzyme assay using dimethylcasein and [1,4(n)-3H] putrescine as
substrates. Results of three experiments performed in triplicate are
shown (mean±s.e.m.).
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Fig. 5.Topical application of the CTSD inhibitor pepstatin A (A) and
of the TG inhibitor monodansyl cadaverin (MDC; B) significantly
delays permeability barrier repair. Acute disruption of the
permeability barrier was induced by tape-stripping until a 20- to 30-
fold increase in TEWL (transepidermal water loss/transcutaneous
water loss) occurred. Immediately after barrier disruption, pepstatin
A, monodansyl cadaverin or the carrier solution was applied and
recovery in TEWL was determined at different times after treatment.
Results of three experiments performed in triplicates are shown.
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granulosum, stratum spinosum and stratum basale) was
reduced, whereas, a thickening of the stratum corneum
(hyperkeratosis) was evident in CTSD(–/–) mice. These results
show changes in the protein expression of basal and
differentiation related keratins in CTSD-deficient mice.

Keratin K6 is known to be involved in proliferation and
shows faint, probably unspecific, staining in normal mouse
skin. No staining was found in heterozygous or homozygous
mouse skin. This reveals that the abnormal cornification as
seen by light microscopy in CTSD(–/–) mice is not related to
hyperproliferation.

The involucrin antibody showed strong continuous staining
of the upper stratum spinosum and the stratum granulosum in
wild-type mice. In CTSD(+/–) and CTSD(–/–) mice involucrin
staining was markedly reduced, the band-like staining was
locally interrupted.

The loricrin antibody produced strong staining of the stratum
granulosum. In CTSD(+/–) and in CTSD(–/–) mice we found a
focally reduced staining.

Filaggrin, similar to involucrin, stained strongly in the upper
stratum spinosum and the stratum granulosum in wild-type
mice. A slight reduction in the staining intensity was found in
CTSD(+/–) mice. Staining intensity was clearly reduced and
staining was focally absent in CTSD(–/–) mice. This reveals
reduced expression of CE proteins.

These studies show a functional link between CTSD activity
and expression of epidermal differentiation-related proteins.

Structural changes in the stratum corneum and the
transition of stratum granulosum to stratum corneum
and changes in TEWL in CTSD deficient mice
The biological consequences of CTSD deficiency, reduction of
TG1 activity and alterations in CE protein levels were analyzed
by histological examination of semi-thin skin sections derived
from wild-type and CTSD(–/–) mice. The epidermis of wild-
type (and heterozygous mice, data not shown) exhibited the
well known regular arrangement of corneocytes in the stratum
corneum. In contrast, the stratum corneum of the CTSD(–/–)

mice was irregular in structure. The different layers of the
stratum corneum were disrupted and the singular corneocytes
were undulated. Furthermore, there were more stratum
corneum layers (Fig. 10). Part of these changes are also evident
in Fig. 9. The ultrastructure of the epidermis was analyzed by
electron microscopy, revealing distinct changes in the
morphology of the stratum corneum and in the transition of
stratum granulosum to stratum corneum in CTSD(–/–) mice. In
wild-type mice we found normal distances between the stratum
corneum layers and a normal CE as seen by the dark lines
around the corneocytes (Fig. 11A, arrow). In CTSD(–/–) mice,
the distances between the stratum corneum layers are broader,
with only a faint staining of the CE and thickened corneocytes
in the axial direction (Fig. 11B, arrow). Measurements of the
TEWL under basal conditions in mice at the age of 20 days
(the CTSD(–/–) mice have a life expectancy of only 28 days)
with the Tewameter® revealed a small increase (not significant)
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Fig. 6. Reduced transglutaminase 1 (TG1) activity in CTSD-deficient
mice. TG1 enzymatic activity was determined in epidermal lysates
from wild type, heterozygous and CTSD-deficient mice by an in-
vitro assay using dimethylcasein and [1,4(n)-3H] putrescine as
substrates. Results of three experiments performed in triplicate are
shown (mean±s.e.m.).

Fig. 7. Absence of 35 kDa TG1 protein in CTSD-deficient mice.
TG1 protein levels were determined in epidermal samples from wild-
type, heterozygous and homozygous CTSD-deficient mice by
western blotting using an anti-TG1 antibody and quantified by
densitometry.

Fig. 8. Reduced CE protein expression in CTSD-deficient mice. Skin
sections from wild-type, heterozygous and homozygous CTSD-
deficient mice were obtained. Expression of involucrin (A) and
loricrin (B) were determined in the epidermal samples by western
blotting using anti-involucrin and anti-loricrin antibodies.
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in TEWL in CTSD(+/–) mice (+17%) and CTSD(–/–) mice
(+11%): wild-type mice – TEWL 10.9±1.7 g/m2/h, n=13;
CTSD(+/–) – TEWL 12.7±1.2 g/m2/h, n=10; CTSD(–/–) –
TEWL 12.2±1.7 g/m2/h, n=6. Together, these results show an
increase in the thickness and number of stratum corneum layers
with ultrastructural changes in CTSD(–/–) mice. The ichthyotic
skin phenotype in CTSD(–/–) mice largely compensates for the
defect in protein expression, shown by a small increase in basal
TEWL, only.

Discussion
Recently, we demonstrated the activation of a TNF
signal transduction pathway including TNF-R55, acid
sphingomyelinase and the ‘second messenger’ ceramide during
skin permeability barrier repair (Jensen et al., 1999). TNF and
acid sphingomyelinase are involved in cell signaling for
growth, differentiation and apoptosis (Aggarwal and Natarajan,
1996). In vitro, we identified the endolysosomal aspartate
protease CTSD as a specific ceramide-binding protein.

Journal of Cell Science 117 (11)

Fig. 9. Immunohistology
revealed distinct changes in
the expression of keratins and
CE proteins in CTSD-
deficient mice. Keratin K1
staining in healthy skin is only
found in suprabasal layers of
the epidermis, whereas keratin
K5 is only expressed in
epidermal basal cells. In
CTSD(–/–) mice there is a focal
extension of K1 staining to the
basal layer and a focal
extension of K5 to the upper
epidermal layers. Keratin K6
was faintly stained in normal
mouse skin, but not in
CTSD(+/–) or CTSD(–/–) mouse
skin. Involucrin and filaggrin
antibodies showed strong
staining of the upper stratum
spinosum and the stratum
granulosum, whereas the
loricrin antibody showed
staining of the stratum
granulosum solely in wild-
type mouse skin. For all three
antibodies staining intensity
was reduced in CTSD(+/–)

mice and even more reduced
in CTSD(–/–) mice.
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Ceramide enhances CTSD proteolytic activity (Heinrich et al.,
1999). The existence of CTSD in the skin was shown
previously, but the function has not been elucidated. Increased
activity of CTSD isoforms depending on the stage of epidermal
differentiation has been described (Horikoshi et al., 1999).
Also, an increased expression of the mature form of CTSD has
been reported (Kawada et al., 1997) in psoriasis, a disease that
is characterized, in addition to inflammation, by epidermal
hyperproliferation and altered differentiation. Furthermore, in
psoriasis premature expression of the CE protein involucrin is
known (Thewes et al., 1991).

We examined the role and specific targets of CTSD in
epidermal differentiation. First, we performed in vitro studies
determining the protein expression and activity of CTSD in
primary and in differentiated, stratified (organotypic) cultured
keratinocytes. We found a significant increase in CTSD protein
levels and an increase in the enzymatic activity of CTSD in
differentiated compared to primary keratinocytes, suggesting a
function of CTSD during epidermal differentiation in vitro.

To explore a possible link between CTSD and epidermal
differentiation in vivo, we investigated the epidermal
expression and the enzymatic activity of CTSD after
experimental skin injury during permeability barrier repair in

wild-type mice. We found significantly increased epidermal
expression of the active intermediate as well as the mature form
of CTSD 3 hours and 5 hours after permeability barrier
disruption, caused by increased processing and increased
synthesis of the enzyme. In accordance, we noted a significant
increase of epidermal CTSD enzyme activity at different times
after skin injury. Topical application of pepstatin A, an
inhibitor of CTSD (Heinrich et al., 1999), prevented an
increase in the protein expression and in the activity of CTSD
and significantly delayed permeability barrier repair after
experimental disruption. These results clearly show
involvement of CTSD in the epidermal repair process after
injury.

The kinetics of CTSD processing and activation, as
demonstrated by increased expression at 1-5 hours after
treatment, corresponded to the activation of sphingomyelinase
and the amount of epidermal ceramides after barrier
perturbation (Jensen et al., 1999). In our previous study, a
significant increase in acid sphingomyelinase activation and an
elevated epidermal ceramide content 1-4 hours after barrier
disruption was demonstrated (Jensen et al., 1999), thus acid

Fig. 10.CTSD-deficient mice exhibited impaired stratum corneum
morphology. Microscopic analysis of semi-thin skin sections from
CTSD wild-type mice (A) revealed normal stratum corneum
morphology. CTSD-deficient mice (B) have a disrupted stratum
corneum and an increased number of corneocyte layers.

Fig. 11.Ultrastructural changes of the stratum corneum and the
transition of stratum granulosum to stratum corneum in CTSD(–/–)

mice. Electron microscopy shows that in wild-type mice (A) the
cornified envelope (CE) is clearly visible as dark lines around the
corneocytes (arrow). In CTSD(–/–) mice (B) there is a broadening of
the intercellular spaces in the stratum corneum (SC), only a faint
staining of the CE (arrow) and the corneocytes are thickened in the
axial direction. SG, stratum granulosum.
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sphingomyelinase-derived ceramide may be linked to CTSD
activity during permeability barrier repair.

The epidermis follows a programmed transformation of
keratinocytes from the proliferating basal cells to the spinous,
then to the granular and to the horny layers where the
permeability barrier resides and finally desquamation occurs.
Starting in the granular layer, aspartatic proteinases such as
CTSD are activated in the lysosomes where they participate in
the massive degradation process accompanying cornification.
Recent observations identified CTSD to be located in lamellar
bodies within the keratinocytes (Ishida-Yamamoto et al.,
2004). Involucrin and loricrin are cross-linked by TG1 to form
the insoluble and rigid CE (Steinert and Marekov, 1997).
CTSD was reported to activate TG1 and thereby contribute to
the enzymatic processes during cornification (Negi et al., 1981;
Horikoshi et al., 1999). These findings were supported and
extended by our in vitro and in vivo results: we found CTSD-
dependent activation of TG1 in a keratinocyte membrane
preparation and, furthermore, the activity of TG1 was severely
diminished in the epidermis of CTSD(–/–) mice when compared
to wild-type mice. The enzymatic activity of TG1 correlated
with the expression of a 35 kDa protein in wild-type mice,
as detected by immunoblotting. This 35 kDa protein was

undetectable in the epidermis of CTSD(–/–) mice, where we
observed the expression of a 150 kDa TG1 protein instead.
There was less of this protein in CTSD(+/–) mice and none in
wild-type control mice. These observations suggest the
involvement of CTSD in the processing of a higher molecular
weight precursor to generate an enzymatically active 35 kDa
TG1 form (see model in Fig. 12). A recent report by Iizuka et
al. (Iizuka et al., 2003) studied proteolytically activated TG1
in the epidermis by using cleavage-site-directed antibodies. A
33 kDa fragment was identified by western blotting that was
mainly found in the cytosol of keratinocytes, in differentiated
cells and in the stratum corneum of the skin (Iizuka et al.,
2003). A second fragment resided at the plasma membrane of
keratinocytes and in regions of the skin including suprabasal
layer, spinous layer and granular layer, but not the stratum
corneum. The differentiation-related 33 kDa TG1 fragment of
this study could be the same protein as the 35 kDa fragment
we detected in CTSD(+/+) mice, but not in CTSD(–/–) mice.

The functional significance of TG1 for epidermal
homeostasis was demonstrated by a delay in permeability
barrier repair after inhibition of TG1 by monodansyl cadaverin.
Similar effects were observed after inhibition of CTSD by
pepstatin A or inhibition of acid sphingomyelinase by
imipramine (Jensen et al., 1999), suggesting the importance
and possible associated function of all three enzymes for
barrier formation and differentiation.

Epidermal differentiation including the formation of the CE
proteins involucrin and loricrin, are crucially involved in
permeability barrier repair (Ekanayake-Mudiyanselage et al.,
1998). The soluble CE protein involucrin is expressed in the
spinous layer at an early stage in keratinocyte differentiation.
Loricrin is an insoluble CE precursor, expressed later in the
differentiation process in intracellular granules.

The link between CTSD-dependent activation of
keratinocyte TG1 and the expression of CE proteins was
confirmed in CTSD(–/–) mice. In these mice, we found
significantly reduced involucrin and loricrin protein levels after
experimental skin injury in parallel to a reduced activity of
TG1. These results are in agreement with the effects observed
after application of the CTSD inhibitor pepstatin A (data not
shown). Since a high molecular mass TG1 precursor protein
was present in CTSD(–/–) but not in wild-type mice, CTSD
appears to mediate the proteolysis of the enzymatically inactive
TG1 to the active enzyme. Thus, the deficient mice also reveal
a functional link between CTSD expression, maturation and
activation of TG1, and the appearance of involucrin and
loricrin in the epidermis.

Morphologically, the CTSD(–/–) mice exhibited epidermal
hyperkeratosis as a sign of disturbed epidermal differentiation.
The skin symptoms may be explained by a diminished ability
of the corneocytes to bind intercellular lipids, caused by the
reduced expression of involucrin and loricrin in the stratum
corneum. Previously, it was shown that the CE proteins, in
particular involucrin, covalently bind ω-hydroxy ceramides.
These ceramides form a scaffold for the attachment of free
ceramides, cholesterol and free fatty acids that provides
stratum corneum lipid bilayers for the permeability barrier
function (Downing, 1992; Steinert and Marekov, 1997).
Morphological disruption of the corneocyte layers was found
in the CTSD(–/–) mice (Fig. 10B). These disruptions started at
the interface of the stratum granulosum/stratum corneum, the
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Fig. 12. Model of the role of CTSD in epidermal differentiation.
During epidermal differentiation, the aspartate protease CTSD in the
stratum granulosum (SG) is activated, cleaves the membrane-bound
150 kDa precursor of transglutaminase 1 (TG1) producing the active
35 kDa form. TG1 in turn mediates cross-linking of the cornified
envelope (CE) proteins involucrin and loricrin to the CE. SC, stratum
corneum; SS, stratum spinosum; SB, stratum basale.
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place where normally the lipid bilayers extrude their lipids into
the intercellular space. Ultrastructural analysis of the epidermis
in CTSD(–/–) mice revealed broadening of the distances
between the SC layers, with only a faint staining of the CE and
thickened corneocytes in the axial direction. This demonstrates
the influence of CTSD on corneocytes and possibly on
lipid organization in the stratum corneum. Together, the
morphological findings suggest an important role for CTSD in
epidermal differentiation.

To evaluate the consequences of CTSD deficiency and
reduced TG1 activity in more detail, we analyzed the
distribution of various epidermal keratins and CE proteins
by immunohistology. An extended expression of basal and
differentiation-related keratins K5 and K1 as a sign of a
disturbed differentiation was found in CTSD-deficient mice. In
previous studies we have found that expression of the
differentiation marker K1 is disturbed after acute (tape-
stripping) or chronic (metabolic, essential fatty acid deficient
diet, EFAD) barrier disruption. However, in these models we
also found an increase in the expression of the proliferation-
associated keratin K6 (and also K16) (Ekanayake-
Mudiyanselage et al., 1998). Expression of K6 (besides
changes in basal and differentiation related keratins) is also
known in psoriasis (Hagemann and Proksch, 1996). In
CTSD(–/–) mice K6 was absent, though a thickening of the
horny layer was clearly visible. Therefore, the CTSD(–/–) mice
may have similarities to so called ‘retention hyperkeratosis’,
such as ichthyosis, and not to so called ‘hyperproliferation-
associated keratosis’, such as psoriasis. In accordance, mice
heterozygous for a truncated keratin K10, as a model for
the ichthyosis called epidermolytic hyperkeratosis, which is
caused by point mutations in the suprabasal K1 or K10 (Cheng
et al., 1992; Chipev et al., 1992; Rothnagel et al., 1992; Yang
et al., 1997; Suga et al., 1998; Ishida-Yamamoto et al., 2000),
did not show K6/K16 protein expression in flank skin (Porter
et al., 1998). Ichthyosis is a group of skin disorders with
different causes, showing disturbed epidermal differentiation
with variable effects on the permeability barrier (Lavrijsen et
al., 1993).

The expression of involucrin and loricrin, as well as
filaggrin, were significantly reduced in heterozygote and
homozygote epidermis in the CTSD-deficient mice. Filaggrin
deficiency is well known in ichthyosis vulgaris (Gunzel et al.,
1991). Defective interaction between keratin and filaggrin
is also seen in epidermolytic hyperkeratosis. Abnormal
distribution of loricrin has been detected in genetic diseases
involving loricrin (loricrin keratoderma, Vohwinkel’s
syndrome) (Maestrini et al., 1996; Suga et al., 2000). Loricrin
mutation in Vohwinkel’s keratoderma is unique to the variant
with ichthyosis (Korge et al., 1997). Defects in cross-linking
of loricrin are detected in TG1-deficient mice, the animal
model of lamellar ichthyosis (Matsuki et al., 1998).

Evaluation of the barrier function in our CTSD(–/–)-mice by
measurements of TEWL revealed no constitutive defect. We
suggest that development of ichthyosiform skin compensates
for defective stratum corneum morphology and deficiency in
differentiation-related proteins. Recently, similar results have
been reported in mice lacking TG1 (Matsuki et al., 1998). Skin
from TG1-deficient mice, which die as neonates, lacks the
normal insoluble CE and has impaired barrier function.
Neonatal TG1(–/–) mouse skin was taut and erythrodermic, but

transplanted TG1(–/–) mouse skin resembled that seen in severe
ichthyosis, with epidermal hyperplasia and marked
hyperkeratosis. Abnormalities in those barrier structures
remained, but TEWL was decreased to control levels in the
ichthyosiform skin. The authors suggested that the
ichthyosiform skin phenotype in TG1 deficiency develops
massive hyperkeratosis as a physical compensation for the
defective cutaneous permeability barrier (Kuramoto et al.,
2002). A compensatory mechanisms maintaining skin barrier
function in the absence of a major CE protein was also
described in a loricrin-deficient mouse model (Koch et al.,
2000). Also, targeted ablation of the murine involucrin gene
did not show defects in barrier function. These mice developed
normally, possessed apparently normal epidermis and hair
follicles and generated CEs that could not be distinguished
from those of wild-type mice (Djian et al., 2000; Jensen et al.,
1999b). The complexity and redundancy of epithelial barrier
function has been discussed by Steinert (Steinert, 2000). Our
CTSD(–/–) mouse model has a broader impact on skin
morphology than either involucrin or loricrin deficiency.
Notably, there are similarities between the skin of CTSD(–/–)

mice, the skin of TG1(–/–) mice and the human skin disease
lamellar ichthyosis. In lamellar ichthyosis a mutation in the
TG1 gene resulting in a reduction in epidermal involucrin was
described (Hohl et al., 1993; Huber et al., 1995). The
similarities are explained by the strongly reduced TG1
expression in the skin of CTSD(–/–) mice.

In the initial characterization of the CTSD-deficient mice
atopic changes of the ileal mucosa leading to an insufficient
mucosal barrier were observed. The limit between epithelium
and central connective tissue normally formed by a basement
membrane was undetectable in these mice (Saftig et al., 1995).
Together, these results prove the importance of CTSD for
barrier function and for epithelial differentiation in different
organs.

In summary, our in vitro and in vivo results suggest a crucial
involvement of the aspartate protease CTSD in the activation
of keratinocyte TG1 and in the regulation of the CE protein
expression during epidermal differentiation, which is
summarized in a model shown in Fig. 12. Our findings may be
important for the development of new treatment modalities in
skin diseases with an altered epidermal differentiation pattern.

We greatly appreciate the assistance of Andrea Hethke, Claudia
Neumann and Dr Xu-Ping Wang. This work was supported by the
Deutsche Forschungsgemeinschaft (Sonderforschungsbereich SFB
415) granted to E.P. (B2) and S.S. (A11), respectively. We wish to
thank Katherine Houghton for reviewing the text of this article.

References
Aggarwal, B. B. and Natarajan, K. (1996). Tumor necrosis factor:

Developments during the last decade. Eur. Cytokine Netw. 7, 93-124.
Asselineau, D., Bernard, B. A., Bailly, C., Darmon, M. and Prunieras, M.

(1986). Human epidermis reconstructed by culture: is it “normal”? J. Invest.
Dermatol. 86, 181-186.

Boukamp, P., Petrussevska, R. T., Breitkreutz, D., Hornung, J., Markham,
A. and Fusenig, N. E. (1988). Normal keratinization in a spontaneously
immortalized aneuploid human keratinocyte cell line. J. Cell Biol. 106, 761-
71.

Chakravarty, R. and Rice, R. H. (1989). Acylation of keratinocyte
transglutaminase by pamitic and myristic acids in the membrane anchorage
region. J. Biol. Chem. 264, 625-629.



2306

Cheng, J., Syder, A. J., Yu, Q. C., Letai, A., Paller, A. S. and Fuchs, E.
(1992). The genetic basis of epidermolytic hyperkeratosis: a disorder of
differentiation-specific epidermal keratin genes. Cell 70, 811-819.

Chen, S. H., Arany, I., Apisarnthanarax, N., Rajaraman, S., Tyring, S. K.,
Horikoshi, T., Brysk, H. and Brysk, M. M. (2000). response of
keratinocytes from normal and psoriatic epidermis to interferon-γ differs in
the expression of zinc-α2-glycoprotein and cathepsin D. FASEB J. 14, 565-
571.

Chipev, C. C., Korge, B. P., Markova, N., Bale, S. J., DiGiovanna, J. J.,
Compton, J. G. and Steinert, P. M. (1992). A leucine-proline mutation in
the H1 subdomain of keratin 1 causes epidermolytic hyperkeratosis. Cell 70,
821-828.

Deiss, L. P., Galinka, H., Berissi, H., Cohen, O. and Kimichi, A. (1996).
Cathepsin D protease mediates programmed cell death induced by interferon
gamma, Fas/APO-1 and TNF-alpha. EMBO J. 15, 3861-3870.

Djian, P., Easley, K. and Green, H. (2000). Targeted ablation of the murine
involucrin gene. J. Cell Biol. 151, 381-388.

Downing, D. T. (1992). Lipid and protein structures in the permeability barrier
of mammalian epidermis. J. Lipid Res. 33, 301-313.

Diment, S., Leech, M. S. and Stahl, P. D. (1988). Cathepsin D is membrane-
associated in macrophage endosomes. J. Biol. Chem. 263, 6901-6907.

Eckert, R. L., Yaffe, M. B., Crish, J. F., Murthy, S., Rorke, E. A. and
Welter, J. F. (1993). Involucrin – structure and role in envelope assembly.
J. Invest. Dermatol. 100, 613-617.

Ekanayake-Mudiyanselage, S., Aschauer, H., Schmook, F. P., Jensen, J.-
M., Meingassner, J. G. and Proksch, E. (1998). Expression of epidermal
keratins and the cornified envelope protein involucrin is influenced by
permeability barrier disruption. J. Invest. Dermatol. 111, 517-523.

Elias, P. M. and Friend, D. S. (1975). The permeability barrier in mammalian
epidermis. J. Cell Biol. 65, 180-191.

Elias, P. M. (1983). Epidermal lipids, barrier function, and desquamation. J.
Invest. Dermatol. 80, Suppl. 44s-49s.

Fujita, H., Tanaka, Y., Noguchi, Y., Kono, A., Himeno, M. and Kato, K.
(1991). Isolation and sequencing of a cDNA clone encoding rat liver
lysosomal cathepsin D and the structure of three forms of mature enzymes.
Biochem. Biophys. Res. Commun.179, 190-196.

Geilen, C. C., Wieser, T. and Orfanos, C. E. (1997). Ceramide-signalling:
regulatory role in cell proliferation, differentiation and apoptosis in human
epidermis. Arch. Dermatol. Res. 289, 559-566.

Grubauer, G., Elias, P. M. and Feingold, K. R. (1989). Transepidermal water
loss: the signal for recovery of barrier structure and function. J. Lipid Res.
30, 323-333.

Gunzel, S., Weidenthaler, B., Hausser, I. and Anton-Lamprecht, I. (1991).
Keratohyalin granules are heterogeneous in ridged and non-ridged human
skin: evidence from anti-filaggrin immunogold labelling of normal skin and
skin of autosomal dominant ichthyosis vulgaris patients. Arch. Dermatol.
Res. 283, 421-432.

Hagemann, I. and Proksch, E. (1996). Topical treatment by urea reduces
epidermal hyperproliferation and induces differentiation in psoriasis. Acta
Derm Venereol. 76, 353-356.

Hazelbag, H. M., van den Broek, L. J., van Dorst, E. B., Offerhaus, G. J.,
Fleuren, G. J. and Hogendoorn, P. C. (1995). Immunostaining of chain-
specific keratins on formalin-fixed, paraffin-embedded tissues: a comparison
of various antigen retrieval systems using microwave heating and proteolytic
pre-treatments. J. Histochem. Cytochem.43, 429-437.

Heinrich, M., Wickel, M., Schneider-Brachert, W., Sandberg, C., Gahr, J.,
Schwandner, R., Weber, T., Saftig, P., Peters, C., Brunner, J., Krönke,
M. and Schütze, S. (1999). Cathepsin D targeted by acid sphingomyelinase-
derived ceramide. EMBO J. 18, 5252-5263.

Hohl, D. (1993). Expression patterns of loricrin in dermatological disorders.
Am. J. Dermatopathol. 15, 20-27.

Hohl, D., Aeschlimann, D. and Huber, M. (1998). In vitro and rapid in situ
transglutaminase assays for congenital ichthyoses. J. Invest. Dermatol. 110,
268-271.

Hohl, D., Huber, M. and Frenk, E. (1993). Analysis of the cornified cell
envelope in lamellar ichthyosis. Arch. Dermatol. 129, 618-624.

Horikoshi, T., Arany, I., Rajaraman, S., Chen, S.-H., Brysk, H., Lei, G.,
Tyring, S. K. and Brysk, M. M. (1998). Isoforms of cathepsin D and
human epidermal differentiation. Biochimie 80, 605-612.

Horikoshi, T., Igarashi, S., Uchiwa, H., Brysk, H. and Brysk, M. M. (1999).
Role of endogenous cathepsin D-like and chymotrypsin-like proteolysis in
human epidermal desquamation. Br. J. Dermatol. 141, 453-459.

Huber, M., Rettler, I., Bernasconi, K., Frenk, E., Lavrijsen, S. P., Ponec,
M., Bon, A., Lautenschlager, S., Schorderet, D. F. and Hohl, D. (1995).

Mutations of keratinocyte transglutaminase in lamellar ichthyosis. Science
267, 525-528.

Iizuka, R., Chiba, K. and Imajoh-Ohmi, S. (2003). A novel approach
for the detection of proteolytically activated transglutaminase 1 in
epidermis using cleavage site-directed antibodies. J. Invest. Dermatol.
121, 457-464.

Ishida-Yamamoto, A., Senshu, T., Takahashi, H., Akiyama, K., Nomura,
K. and Iizuka, H. (2000). Decreased deiminated keratin K1 in psoriatic
hyperproliferative epidermis. J. Invest. Dermatol.114, 701-705.

Ishida-Yamamoto, A., Simon, M., Kishibe, M., Miyauchi, Y., Takahashi,
H., Yoshida, S., O’Brien, T. J., Serre, G. and Iizuka, H. (2004).
Epidermal lamellar granules are part of the branched tubular structures and
transport different cargoes as distinct aggregates. J. Invest. Dermatol.(in
press).

Jarvis, W. D., Kolesnick, R. N., Fornari, F. A., Traylor, R. S., Gewirtz, D.
A. and Grant, S. (1994). Induction of apoptotic DNA damage and cell death
by activation of the sphingomyelin pathway. Proc. Natl. Acad. Sci. USA 91,
73-77.

Jensen, J.-M., Schütze, S., Förl, M., Krönke, M. and Proksch, E. (1999).
Role of tumor necrosis factor receptor p55 and sphingomyelinase in
cutaneous permeability barrier repair. J. Clin. Invest. 12, 1761-1770.

Jensen, J.-M., Djian, P. and Proksch, E. (1999). Disturbed permeability
barrier function in transgenic involucrin deficient mice. J. Invest. Dermatol.
112, 542 (abstract).

Jensen, J.-M., Schütze, S. and Proksch, E. (2000). Impaired cutaneous
permeability barrier funcion, skin hydration, and sphingomyelinase activity
in keratin 10 deficient mice. J. Invest. Dermatol. 115, 708-713.

Kageshita, T., Yoshii, A., Kimura, T., Maruo, K., Ono, T., Himeno, M. and
Nishimura, Y. (1995). Biochemical and immunohistochemical analysis of
cathepsins B, H, L, and D in human melanocytic tumors. Arch. Dermatol.
Res. 287, 266-272.

Kanitakis, J., Zambruno, G., Viac, J. and Thivolet, J. (1987). Involucrin
expression in keratinization disorders of the skin – a preliminary study. Br.
J. Dermatol. 117, 479-480.

Kawada, A., Hara, K., Kominami, E., Hiruma, M., Akiyama, M.,
Ishibashi, A., Abe, H., Ichikawa, E., Nakamura, Y., Watanabe, S.,
Yamamoto, T., Umeda, T. and Nishioka, K. (1997). Expression of
Cathepsin D and B in invasion and metastasis of squamous cell carcinoma.
Br. J. Dermatol. 137, 361-366.

Kim, S.-Y., Chung, S.-I., Yoneda, K. and Steinert, P. M. (1995). Expression
of transglutaminase 1 in human epidermis. J. Invest. Dermatol. 104, 211-
217.

Koch, P. J., de Viragh, P. A., Scharer, E., Bundman, D., Longley, M. A.,
Bickenbach, J., Kawachi, Y., Suga, Y., Zhou, Z., Huber, M., Hohl, D.,
Kartasova, T., Jarnik, M., Steven, A. C. and Roop, D. R. (2000). Lessons
from loricrin-deficient mice: compensatory mechanisms maintaining skin
barrier function in the absence of a major cornified envelope protein. J. Cell
Biol. 151, 389-400.

Kolesnick, R. and Golde, D. W. (1994). The sphingomyelin pathway in tumor
necrosis factor and interleukin-1 signaling. Cell 77, 325-328.

Korge, B. P., Ishida-Yamamoto, A., Punter, C., Dopping-Hepenstal, P. J.,
Iizuka, H., Stephenson, A., Eady, R. A. and Munro, C. S. (1997). Loricrin
mutation in Vohwinkel’s keratoderma is unique to the variant with
ichthyosis. J. Invest. Dermatol. 109, 604-610.

Krönke, M., Schütze, S., Wiegmann, K. and Machleidt, T. (1996).
Sphingomyelinases and TNF-induced apoptosis. Cell. Physiol. Biochem. 6,
337-344.

Kuramoto, N., Takizawa, T., Takizawa, T., Matsuki, M., Morioka, H.,
Robinson, J. M. and Yamanishi, K. (2002). Development of ichthyosiform
skin compensates for defective permeability barrier function in mice lacking
transglutaminase 1.J. Clin. Invest.109, 243-250.

Lavrijsen, A. P., Oestmann, E., Hermans, J., Bodde, H. E., Vermeer, B. J.
and Ponec, M. (1993). Barrier function parameters in various keratinization
disorders: transepidermal water loss and vascular response to hexyl
nicotinate. Br. J. Dermatol. 129, 547-553.

Lazarus, G. S. and Dingle, J. T. (1974). Cathepsin D of rabbit skin: an
immunoenzymic study. J. Invest. Dermatol. 62, 61-66.

Liu, B., Obeid, L. M. and Hannun, Y. A. (1997). Sphingomyelinases in cell
regulation. Semin. Cell Dev. Biol. 8, 311-322.

Luft, J. H. (1961). Improvements in epoxy resin embedding methods. J.
Biophys. Biochem. Cytol.9, 409-414.

Maestrini, E., Monaco, A. P., McGrath, J. A., Ishida-Yamamoto, A.,
Camisa, C., Hovnanian, A., Weeks, D. E., Lathrop, M., Uitto, J. and
Christiano, A. M. (1996). A molecular defect in loricrin, the major

Journal of Cell Science 117 (11)



2307Cathepsin D and epidermal differentiation

component of the cornified cell envelope, underlies Vohwinkel’s syndrome.
Nat. Genet. 13, 70-77.

Matsuki, M., Yamashita, F., Ishida-Yamamoto, A., Yamada, K.,
Kinoshita, C., Fushiki, S., Ueda, E., Morishima, Y., Tabata, K., Yasuno,
H., Hashida, M., Iizuka, H., Ikawa, M., Okabe, M., Kondoh, G.,
Kinoshita, T., Takeda, J. and Yamanishi, K. (1998). Defective stratum
corneum and early neonatal death in mice lacking the gene for
transglutaminase 1 (keratinocyte transglutaminase).Proc. Natl. Acad. Sci.
USA 95, 1044-1049.

Mielke, V., Bauman, J. G., Sticherling, M., Ibs, T., Zomershoe, A. G.,
Seligmann, K., Henneicke, H. H., Schroder, J. M., Sterry, W. and
Christophers, E. (1990). Detection of neutrophil-activating peptide
NAP/IL-8 and NAP/IL-8 mRNA in human recombinant IL-1 alpha- and
human recombinant tumor necrosis factor-alpha-stimulated human dermal
fibroblasts. An immunocytochemical and fluorescent in situ hybridization
study. J. Immunol. 144, 153-161.

Nemes, Z., Marekov, L. N., Fesus, L. and Steinert, P. M. (1999). A novel
function for transglutaminase 1: attatchment of long chain omega-
hydroxyceramides to involucrin by ester bond formation. Proc. Natl. Acad.
Sci. USA96, 8402-8407.

Negi, M., Matsui, T. and Ogawa, H. (1981). Mechanism of human epidermal
transglutaminase.J. Invest. Dermatol. 77, 389-392.

Negi, M., Matsui, T. and Ogawa, H. (1990). Mechanism of regulation of
human epidermal transglutaminase. J. Invest. Dermatol. 77, 389-392.

Öhman, H. and Valquist, A. (1994). In vivostudies concerning a pH gradient
in human stratum corneum and upper epidermis. Acta Dermatol. Venereol.
(Stockh.) 74, 375-379.

Perry, D. K. and Hannun, Y. A. (1998). The role of ceramide in cell-
signaling. Biochim. Biophys. Acta 1436, 223-243.

Porter, R. M., Hutcheson, A. M., Rugg, E. L., Quinlan, R. A. and Lane,
E. B. (1998). cDNA cloning, expression, and assembly characteristics of
mouse keratin 16. J. Biol. Chem.273, 32265-32272.

Reynolds, E. W. (1963). The use of lead citrate at high pH as an electron
opaque stain in electron microscopy. J. Cell Biol.17, 208-212.

Rice, R. H. and Green, H. (1979). Presence in human epidermal cells of a
soluble protein precursor of the cross-linked envelope: activation of the
cross-linking by calcium ions. Cell 18, 681-694.

Rice, R. H., Rong, X. and Chakravarty, R. (1990). Proteolytic release of
keratinocyte transglutaminase. Biochem. J.265, 351-357.

Rosenthal, D. S., Griffiths, C. E., Yuspa, S. H., Roop, D. R. and
Voorhees, J. J. (1992). Acute or chronic topical retinoic acid treatment
of human skin in vivo alters the expression of epidermal
transglutaminase, loricrin, involucrin, filaggrin, and keratins 6 and 13 but
not keratins 1, 10, and 14. J. Invest. Dermatol. 98, 343-350. Erratum in:
J. Invest. Dermatol. 99, 145.

Rothnagel, J. A., Dominey, A. M., Dempsey, L. D., Longley, M. A.,
Greenhalgh, D. A., Gagne, T. A., Huber, M., Frenk, E., Hohl, D. and
Roop, D. R. (1992). Mutations in the rod domains of keratins 1 and 10 in
epidermolytic hyperkeratosis. Science257, 1128-1130.

Saftig, P., Hetman, M., Schmahl, W., Weber, K., Heine, L., Mossmann, H.,
Köster, A., Hess, B., Evers, M., v. Figura, K. and Peters, C. (1995). Mice
deficient for the lysosomal proteinase cathepsin D exhibit progressive
atrophy of the intestinal mucosa and profound destruction of lymphoid cells.
EMBO J. 14, 3599-3608.

Sato, K., Waguri, S., Nitatori, T., Kon, S., Kominami, E., Watanabe, T.,
Gotow, T. and Uchiyama, Y. (1997). Immunocytochemical localization of
lysosomal cysteine and aspartatic proteinases, and ubiquitin in rat epidermis.
Arch. Histol. Cytol. 30, 275-287.

Spruit, D. and Malten, K. E. (1966). The regeneration rate of the water
vapour loss of heavily damaged skin. Dermatologica 132, 115-123.

Steinert, P. M. (2000). The complexity and redundancy of epithelial barrier
function. J. Cell Biol.151, F5-F8.

Steinert, P. M., Chung, S. I. and Kim, S. Y. (1996a). Inactive zymogen and
highly active proteolytically processed membrane-bound forms of the
transglutaminase 1 enzyme in human epidermal keratinocytes. Biochem.
Biophys. Res. Commun. 221, 101-106.

Steinert, P. M., Kim, S. Y., Chung, S. I. and Marekov, L. N. (1996b). The
transglutaminase 1 enzyme is variably acylated by myristate and palmitate
during differentiation in epidermal keratinocytes. J. Biol. Chem. 271, 26242-
26250.

Steinert, P. M. and Marekov, L. N. (1997). Direct evidence that involucrin
is a major early isopeptide cross-linked of the keratinocyte cornified cell
envelope. J. Biol. Chem. 272, 2021-2030.

Steude, J., Kulke, R. and Christophers, E. (2002). Interleukin-1 stimulated
secretion of interleukin-8 and growth-related oncogene-alpha demonstrates
greatly enhanced keratinocyte growth in human raft cultured epidermis. J.
Invest. Dermatol. 119, 1254-1260.

Suga, Y., Duncan, K. O., Heald, P. W. and Roop, D. R. (1998). A novel
helix termination mutation in keratin 10 in annular epidermolytic ichthyosis,
a variant of bullous congenital ichthyosiform erythroderma. J. Invest.
Dermatol. 111, 1220-1223.

Suga, Y., Jarnik, M., Attar, P. S., Longley, M. A., Bundman, D., Steven, A.
C., Koch, P. J. and Roop, D. R. (2000). Transgenic mice expressing a
mutant form of loricrin reveal the molecular basis of the skin diseases,
Vohwinkel syndrome and progressive symmetric erythrokeratoderma. J.
Cell Biol. 151, 401-412.

Tandon, A. K., Clark, G. M., Chamness, G. C., Chirgwin, J. M. and
McGuire, W. L. (1990). Cathepsin D and prognosis in breast cancer. N.
Engl. J. Med. 322, 297-302.

Thewes, M., Stadler, R., Korge, B. and Mischke, D. (1991). Normal psoriatic
epidermis expression of hyperproliferation-associated keratins. Arch.
Dermatol. Res. 283, 465-471.

Wakita, H., Tokura, Y., Yagi, H., Nishimura, K., Furukawa, F. and
Takigawa, M. (1994). Keratinocyte differentiation is induced by cell-
permeant ceramides and its proliferation is promoted by sphingosine. Arch.
Dermatol. Res. 286, 350-354.

Watt, F. M. (1983). Involucrin and other markers of keratinocyte terminal
differentiation. J. Invest. Dermatol. 81, 100s-103s.

Wiegmann, K., Schütze, S., Machleidt, T., Witte, D. and Krönke, M.
(1994). Functional dichotomy of neutral and acidic spingomyelinases in
tumor necrosis factor signaling.Cell 78, 1005-1015.

Yang, J. M., Yoneda, K., Morita, E., Imamura, S., Nam, K., Lee, E. S. and
Steinert, P. M. (1997). An alanine to proline mutation in the 1A rod domain
of the keratin 10 chain in epidermolytic hyperkeratosis. J. Invest. Dermatol.
109, 692-694.

Yoneda, K., Hohl, D., McBride, O. W., Wang, M., Cehrs, K. U., Idler, W.
W. and Steinert, P. M. (1992). The human loricrin gene. J. Biol. Chem.
267,8060-8066.


