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Summary

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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Introduction

ceramides, are synthesized in the keratinocytes, stored in the

The goal of epidermal differentiation is to form the epidermagpidermal lamellar bodies and secreted into the intercellular
permeability barrier, which prevents excessive water loss arfiPace of the stratum corneum (Elias, 1983). Beside its structural
entry of harmful substances into the body. The barrier igole, ceramide is known as an important intracellular signal
localized in the stratum corneum, a two-compartment systeffiediator for various cytokines, in particular tumor necrosis
of protein-enriched terminally differentiated keratinocytesfactor (TNF) (Liu et al., 1997; Perry and Hannun, 1998). TNF
(corneocytes) and lipid-enriched intercellular bilayers (Elia®inding to the p55 TNF receptor (TNF-R55) results in

and Friend, 1975; Downing, 1992).

activation of an endolysosomal acid sphingomyelinase

The insoluble protein envelope located beneath the plasnf#/iegmann et al., 1994; Kronke et al., 1996). Increase in
membrane of the keratinocytes is cross-linked by cellulaintracellular ceramide levels is followed by different cellular
transglutaminase 1 (TG1) during terminal differentiation ofresponses depending on cell type and degree of activation such
the epidermis. Involucrin, an early marker of terminalas differentiation, proliferation and programmed cell death
differentiation, is a soluble protein precursor of the cross-linkefapoptosis) (Kronke et al., 1996; Jarvis et al., 1994; Kolesnick
cornified envelope (CE) and is synthesized in the keratinocytemd Golde, 1994; Geilen et al., 1997; Wakita et al., 1994). We
of the upper spinous layers (Watt, 1983; Eckert et al., 1993uggested a functional role of TNF and ceramide derived from
Kanitakis et al., 1987; Negi et al., 1981; Rice and Green, 197@cid sphingomyelinase in cutaneous permeability barrier repair
Steinert and Marekov, 1997). In hyperproliferative diseases likafter experimentally induced injury of the skin. We detected
psoriasis, premature expression of involucrin is found in th&igh levels of sphingomyelinase and ceramides after barrier
lower spinous layers (Thewes et al., 1991). Another maidisruption as well as a significant delay in barrier repair in TNF-
component of the CE is loricrin. It is expressed in a later stag@b5-deficient mice (Jensen et al., 1999). In understanding the
of differentiation (Watt, 1983) and is cross-linked to othervarious biological effects of ceramides, it is important to know

epidermal proteins such as cystatin, elafin or filaggrin.
The extracellular lipids of the barrier,

their direct intracellular targets.

predominantly Recently, we found that the aspartatic protease cathepsin D
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(CTSD) is a novel specific intracellular binding protein forsupplied by Charles River, Sulzfeld, Germany. CTSD-deficient
ceramide, derived from acid sphingomyelinase (Heinrich et almice (C57BL/6) were obtained by gene targeting as described
1999). Ceramide enhances the proteolytic activity of CTSDRefore (Saftig et al., 1995). Progeny of heterozygous CTSD-
CTSD is the main aspartatic protease of endolysosomes. It 4§ficient mice were genotyped by PCR of genomic DNA from tail
synthesized and translocated into the endoplasmic reticulufioPsies. The animals were maintained conventionally under

as an inactive pre-proenzyme (52 kDa), processed into ?gndardized conditions. The study protocols were approved by the

ticall ti int diat 48 KD iversity of Kiel, Committee of Animal Care. Normal human
enzymatically active, intermediate proenzyme ( a) an eratinocytes and stratified keratinocytes (organotypic, raft

finally converted into the mature form of 32 kDa in the lysosomegyjtyres)~ were obtained from human foreskins. Primary
(Fujita et al., 1991). CTSD is involved in the proteolytic keratinocytes were maintained in serum-free keratinocyte growth
activation as well as proteolytic degradation of intracellulaimedium (KGM, Clonetics, San Diego, USA), supplemented with
proteins (Diment et al., 1988; Lazarus et al., 1974; Sato et ab,07 mM calcium, and grown to 60-80% confluency. Also,
1997). Increased levels of CTSD are correlated with tumor celinmortalized HaCaT keratinocytes were used (Boukamp et al.,
invasion and metastasis in malignant melanoma, squamous ck#88). Human raft cultured epidermis was prepared as described
carcinoma and human breast cancer (Kageshita et al., 1995%"'?(:?2&5\%5‘:;‘5 ot ;‘r'év zp?gégrgé'epr%rﬁr'gf‘ergk?r?”;‘r?c'if'g:gal'gsfs
Kawada, 1997). Reports suggest that CTSD may play a role ) 4 ; ; >

the metastasiz)ing [frocess %? malignant cells bgcpauge of th scribed previously (Mielke et al., 1990). Third passage fibroblasts

. . -7x10°) were resuspended in ice cold collagen solution
destructive effects on the extracellular matrix. Therefore, CTS ontaining 5.3 mg collagen type Ix Dulbecco minimal Eagle’s

activity was used to predict recurrence in breast cancer (Tandg@q.qgium (DMEM: Gibco-BRL), 2 mM L-glutamine (Gibco-BRL),

et al., 1990). In HeLa cell cultures CTSD is a mediaton 50 NaHCQ, 66.7 mM Hepes and 0.03 M NaOH, and submerge
of programmed cell death induced by various cytokinescultured in DMEM + 10% fetal bovine serum for 5 days. Third
Overexpression of CTSD induced cell death without any externglssage keratinocytes xE)P) were seeded onto these collagen
stimuli and the CTSD inhibitor pepstatin A suppressed cell deathttices and submerge cultured for 4 days in keratinocyte growth
in this system (Deiss et al., 1996). Some of these findings wefeedium (KGM Bullet kit; BioWhittaker Europe, Belgium) + 5%
supported by in vivo studies in CTSD-deficient mice, generateigtt::pbh(;‘ggeasgrﬁqrgub';f‘effj Ciﬁltlig?astir\:\:)ecrﬁe“g?gwttﬁ mgdm;mﬁg#mt
Erystgze rﬁe?lzgég\?t%rv-\l;gr%ssetr?l;ee)?rﬁ\éﬁgg (:)crioggerrsr;?\lllg gtlrjggﬁyt ovine pituitary extract and EGF, but with additional 5% fetal

the intestinal foll db ive intestinal . vine serum and 1.25 mM CaCGrowth factors were added into
€ Intestinal mucosa, Tollowed by massive Intestinal Necrosis al medium. The medium including growth factors was renewed

profound destruction of lymphoid cells. The mice died in a stat@yery 2-3 days. Raft cultures were harvested and frozen at —70°C.
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). Permeability barrier disruption

In the skin CTSD plays a role in both extracellular andDisruption of the permeability barrier was induced in hairless mice
intracellular catabolism. In hyperproliferative skin disordersdy tape stripping (Tesafiliy Beiersdorf, Hamburg, Germany) to

such as psoriasis, increased expression of the mature form'gfove cells from the stratum cormeum, resulting in a superficial
ound, until a 20- to 30-fold increase in transepidermal water loss

CTSD has been reported, returning to normal after resolutio&EWL) as a marker of barrier disruption, was achieved (Meéeco
of the psoriasis by psoralen and long-wave ultraviolet radmnoelectron’ic water analyzer, Medbinc., Warrihgton PA) (Spruit and

(PUVA) light treatment (Kawada et al., 1997;. Chen e.t aI'MaIten, 1966; Grubauer et al., 1989). Barrier recovery was calculated
2000). It was suggested that CTSD may be involved in thgs tol1ows: Barrier recovery (%)=100 xh(— baseline)100f —
control of cell differentiation during normal development. paseline). n=TEWL x hours after barrier disruptionsh=TEWL
Horikoshi et al. found increased expression and increasefirectly after barrier disruption; baseline=normal TEWL of the skin
activity of CTSD isoforms in the skin depending on the stagevithout barrier disruption). In the hairy CTSD-deficient mice the fur
of epidermal differentiation (Horikoshi et al., 1998). CTSDwas carefully removed by shaving prior to barrier disruption. The
enzyme is active at an acid pH (maximum at pH 3) and maghaving did not result in irritation or barrier disruption. For each
work at the transition of the stratum granulosum to straturfXPeriment, at least three animals were treated and at least three
corneum, because the stratum corneum produces an a ramals served as control. At different times aft_er barrier disruption
environment (pH 5.5) (Ohmann and Valquist, 1994). Despit k-'24 hours), TEWL, as a marker of parrler repair, was measured and
. 3kin samples of about 4 @mvere obtained.

these results, function and cellular substrates of CTSD in
epidermal differentiation are still unknown.

In the present study we explored the functional role of CTSMeasurements of the basal TEWL
in the skin during permeability barrier repair and epidermaMeasurements of the basal TEWL were performed using the
differentiation using keratinocyte cell culture, wild-type Tewamete? (Courage and Khazaka, Germany) as described
and CTSD-deficient mice. In particular, we examined thepreviously (Jensen et al., 2000). (The sensitivity of the Tewafheter
functional role of CTSD in the activation of keratinocyte TG1for the small changes in TEWL as seen under basal conditions is
as a key enzyme for the processing of CE proteins sucdHgher than that of the MeeBavater analyzer.)

as involucrin, loricrin and filaggrin during epidermal

differentiation. Topical application of pepstatin A to normal mouse skin

Immediately after barrier disruption, 10 of pepstatin A (0.1%) in

. propylene glycol/isopropanol 7:3 (v/v) was applied topically. Vehicle
M_ate”als and Methods application served as control. TEWL was determined at different time
Mice and cells points after barrier disruption (0-24 hours) and skin samples (about 4
Male hairless mice (Crl: (hr/hr)BR) 4-12 weeks of age werecn?) were taken.



Cathepsin D and epidermal differentiation 2297

Isolation of epidermal samples after acute barrier disruption Coomassie G). Proteins were separated on 15% SDS-PAGE and

Flank skin of the treated or untreated sites were excised arfgpnsferred onto nitrocellulose filters. Immunoblotting was performed
immediately placed epidermal-side down onto a covered Petri dis#sing anti-PTH mouse antibody specific for fragment 1-34
containing crushed ice. The skin pieces were scraped with a scald&iogenesis) and anti-mouse secondary horseradish-peroxidase
blade to remove subcutaneous fat and immersed at 37°C for 49njugate. Blots were developed using the ECL detection reagent
minutes in 10 mM EDTA in calcium- and magnesium-free phosphatelAmersham).

buffered saline (PBS). Thereafter, the epidermis was peeled off the

dermis by gentle scraping with a scalpel blade. ~15-20 mg epidermjls

were disrupted in 350 ml buffer H [150 mM KCI, 5 mM NaF, 1 mM Gl assay. ) ) )

phenylmethylsulfonylfluoride, 2AM pepstatin, 2uM leupeptin, 20  Mouse epidermis was disrupted with the UltrathufradKA

UM antipain (Boehringer Complete, 1:100) in Hepes pH 7.4] with ar-abortechnik, Staufen, Germany) and homogenized with the Potter
electric glass homogenizer (Pottér, Braun, Melsungen, Germany) S, as described, in a buffer containing 20 mM sodium phosphate,
at 600 rpm for 4 minutes. Cells were homogenized by passing throug! 7.2, 0.5 mM EDTA, 10 mM dithiothreitol, 50ug/ml

a 28 G needle followed by sonication three times for 10 seconds. Thenylmethylsulfonylfluoride. Epidermal cells were lysed in the same
analyze the involucrin and loricrin expression the entire skin sampluffer by sonication. Epidermal TG1 activity was measured as
was excised, the subcutaneous fat removed and the skin disrupted wi@scribed previously (Hohl et al., 1998). Brieflyigof tissue extract

the UltrathurraX (IKA Labortechnik, Staufen, Germany) in Tris- Was added to 9fil of a solution containing 0.5 M sodium borate pH
buffer (85 mM NaCl, 50 mM Tris, pH 7.4) and homogenized with the9, 5 I 10 mM EDTA pH 8, 5ul of 100 mM CaCj, 20 pl of
Potter $ as described. Subsequently the probes were boiled for 1@/methylcasein (10 mg/ml), 248 of 10% Triton X-100, 0.5l of 1

minutes and lysates were cleared by centrifugation for 5 minute dithiotreitol, 2.8l of 100 uM putrescine, 1pl of [1,4 (n)3H]
(20,0000). putrescine dihydrochloride (1 mCi/ml, 10-30 Ci/mmol; NEN) and

48.2 ul H20. After incubation at 28°C for 30 minutes, BDwere
applied to cellulose filter papers (Whatman) and washed sequentially
Isolation of culture cells in 10% TCA and 0.1% putrescine, 5% TCA and 0.05% putrescine and

The keratinocyte culture cells were harvested by incubation wit5% ethanol. Radioactivity was determined by liquid scintillation
trypsin-EDTA, scraped into PBS, pelleted by centrifugation (scounting. TG1 activity is expressed as pmdH]putrescine
minutes, 800g), homogenized in buffer H and sonicated. After incorporated into dimethylcaseine per hour and mg protein. For
centrifugation all supernatants were stored at —80°C. evaluation of the effects of CTSD on TG1 activity, membrane
fractions were prepared from the lysates: homogenates were
centrifuged at 25,00@ at 4°C for 30 minutes. The pellet was re-
Determination of CTSD, TG1, involucrin and loricrin extracted by sonication with the same buffer supplemented with 1%

Protein concentration was measured by the bicinchoninic acidtiton X-100. After 10 minutes incubation at 37°C, the lysate was
protein assay (Pierce, Rockford, USA). Equal protein samples wefentrifuged as above and the supernatant (membrane fraction)
electrophoresed on 7.5% or 12.5% polyacrylamide gels angollec_ted. TG1 activity in th_e membrane fraction was measured as
transferred onto nitrocellulose filters at 100 V for 45 minutes (Mini-described above for whole tissue extracts.
Transblot Biorad, Munich, Germany). CTSD in cell cultures was
detected by incubation for 1 hour at room temperature with % -
polyclonal rabbit anti-human CTSD antibody at a dilution of 1:1000°Kn histology . . _
in TBST (Calbiochem, Oncogene Science, USA), CTSD in mice wa§hemical fixation and embedding for light and electron microscopy
detected with a rabbit anti-mouse CTSD antibody (kindly providedvere as follows. Skin samples were prefixed overnight in modified
by R. Pohlmann, University Miinster, Germany), TG1 by a goat antikarnovsky’s medium (Elias and Friend, 1975) at 4°C, washed twice
human polyclonal antibody [kindly provided by S. Y. Kim and P.With 0.2 M sodium cacodylate buffer for 10 minutes each, and
Steinert, NIH, Bethesda MD (see Kim et al., 1995)] and involucrinPostfixed with 1% (w/v) Os@in 0.133 M sodium cacodylate buffer
and loricrin were detected by rabbit anti-mouse antibodies (PRB 142¢9ntaining  0.5% (w/v) KFe(CNp at 4°C for 45 minutes.
and PRB 145P, respectively, Covance Inc., CA, USA distributedubsequently, specimens were dehydrated in an ethanol series and
by Hiss Diagnostics, Freiburg, Germany). Secondary antibod?mbedded in Epon 812 (Luft, 1961). Polymerization was carried out
complexes were visualized using a chemiluminescent detectiopvernight at 60°C. Semi-thin sections were cut on an ultra-microtome
system (ECL; Amersham, Braunschweig, Germany), and quantified-eica UCT, Leica Bensheim, Germany) and after staining
by densitometry (PC-BAS TINA software). investigated in a Zeiss Axioskop 40 (Zeiss, Gottingen, Germany) with
transmission mode. For electron microscopy, ultra thin sections were
cut and post-stained according to the method of Reynolds (Reynolds,
CTSD assay 1963) and subsequently investigated in a Philips CM 10 electron
To estimate the activity of cellular CTSD an assay was performethicroscope.
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)mmunohistochemistry
and PTH (35-84) fragments. PTH proteolysis was detected bgkin samples were fixed in formaldehyde and embedded in paraffin.
immunoblotting using a monoclonal antibody and could be blocke® pm sections were incubated with 3%@®3 for 5 minutes to block
by the aspartate-protease inhibitor pepstatin A, a selective inhibitor @nhdogenous peroxidase activity, rinsed, and microwave irradiated at
CTSD. 2ug lysate-protein were incubated for the indicated times with650 W for antigen detection according to the method of Hazelbag et
50 ng PTH at 37°C in a volume of @Dacidic buffer (100 mM sodium  al. (Hazelbag et al., 1995). After blocking unspecific antibody binding
acetate, 100 mM KCI, pH 4.2). To demonstrate CTSD specificity oby incubation with 20% pig serum (DAKO, Germany), the primary
the reactions, 0.AM pepstatin A was added to the assay as indicatedantibodies were applied for 30 minutes at room temperature. The
One sample containing PTH in acidic buffer but without lysate servegrimary antibodies: anti-keratin K1 (1:500), anti-keratin K5 (1:1000),
as control. Reactions were stopped by boiling the samples for @&nti-keratin K6 (1:500), anti-involucrin (1:1000), anti-loricrin (1:500)
minutes with Tris-tricine-SDS sample buffer (B4nercaptoethanol, and anti-filaggrin (1:1000) (Hohl, 1993; Rosenthal et al., 1992). All
12% glycerol, 50 mM Tris pH 6.8, 4% sodium dodecyl sulfate, 0.01%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 epiderma
differentiation, we first investigated the amount and enzym
activity of CTSD in primary undifferentiated keratinocytes and
in differentiated, stratified keratinocyte cell cultures (Steude €
al., 2002; Asselineau et al., 1986) by western blotting and
specific bioassay. In primary keratinocytes the three know
isoforms of CTSD (52 kDa, 48 kDa and 32 kDa) were detecte
with the 48 kDa form being the main product. In 20-day-old
stratified cultures, expressing various signature proteins
keratinocyte, cornification and differentiation (Steude et al.
2002), we found a significant increase of the 52 kDa and tr
48 kDa CTSD forms (Fig. 1A). The 52 kDa protein represent
the enzymatically inactive pre-pro CTSD form, while the 48
kDa protein is the active membrane-bound enzyme (Fujita ¢
al., 1991).

M, x10°

46 —

30 —

« prepro-CTSD
< pro-CTSD

< mature CTSD

30

PTH
4 1-84AS

o 4 1-34 AS

25 b
20

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

10

CTSD-activity [ng/h]
-
(5]
H

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
of CTSD after experimental injury to the skin in hairless determined in cell lysates by western blotting using anti-CTSD
mice ant!bodles. Therg was an increase in t'he prepro and enzyma.tlc.:ally
. ) ) _active pro forms in differentiated keratinocytes. (B) CTSD activity
To evaluate the possible role of CTSD in the skin durindvas measured by an in vitro enzyme assay of keratinocyte lysates
epidermal differentiation in vivo, we determined the proteinusing parathyroid hormone (PTH) as a CTSD-specific substrate. The
levels and activity of CTSD during epidermal barrier repairamount of PTH in the absence of sample protein was used as a
following experimental barrier disruption by tape-stripping.control. The level of PTH protein was determined by western
Following experimental skin injury the expression of theblotting using anti-PTH mAb (peptide 1-34) and quantified by two-
active, intermediate 48 kDa proenzyme (Fig. 2A, black bars%lmensmnal laser scanning densitometry (Molecular Dynamics

Increased epidermal expression and increased activity

and the mature 32 kDa form (Fig. 2B, black bars) wa ersonal Densitometer). CTSD activity, calculated as the amount of

significantly increased at 3 hours and 5 hours (+185% andTH cleaved/hour, was increased in differentiated keratinocytes.

+215%,P<0.05,n=4 for 48 kDa form and +204% and +260%,
P<0.05, (=4) for the 32 kDa form, respectively) as estimated
by western blotting TG1 activity is stimulated by exogenous CTSD in
Inhibition of CTSD by topical application of the CTSD keratinocytes in culture
inhibitor pepstatin A suppressed an increase in the amount Diuring epidermal differentiation the CE proteins involucrin,
both the intermediate and the mature enzyme after barridricrin and filaggrin are cross-linked by the formatiore-g§-
disruption (Fig. 2A,B, grey bars). glutamyl)lysine isodipeptide bonds catalyzed by TG1 (Kim et
The increase of CTSD protein was paralleled by enhanceal., 1995). In addition, it has been described that TG1 catalyzes
CTSD enzyme activity at 3 hours and 5 hours after skin injurgovalent ester binding of>-hydroxyceramide to involucrin
as determined by PTH cleavage assays (Fig. 3). Topic@iNemes et al., 1999). Thus this enzyme mediates key functions
application of pepstatin A resulted in a decrease in enzymatin epidermal differentiation. Since CTSD may be involved in
activity at 6 hours after treatment (data not shown). Togethethe regulation of the activity of TG1 (Negi et al., 1981; Negi
these data demonstrate increased protein expression agdal., 1990) we investigated a possible direct involvement of
increased enzyme activity of CTSD during skin repair andCTSD in the proteolytic activation of TG1. Since the high
epidermal differentiation. molecular mass TG1 precursor protein is membrane bound
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iiitisa H ﬂ Fig. 3.Increased activity of CTSD after experimental skin injury.
0 Acute disruption of the permeability barrier was induced by tape-
oA 0 3 5 t[hours] stripping. Immediately after barrier disruption, pepstatin A or the
control pepstatin A carrier solution was applied and skin samples were obtained directly

after tape-stripping (0 hours) or after 3 and 5 hours. CTSD activity
Fig. 2.Increased epidermal expression of CTSD after experimental was measured by specific parathyroid hormone (PTH) enzyme
skin injury. Acute disruption of the permeability barrier was induced assays. The level of PTH protein was determined by western blotting
by tape-stripping. Immediately, pepstatin A or the carrier solution  using anti-PTH mAb (peptide 1-34). The amount of PTH in the assay
was applied and skin samples were obtained at different times. Theat the starting point was used as a control and CTSD activity was
expression of the active, intermediate (A) and the mature form (B) o€alculated as the amount of PTH cleaved/hour.
CTSD were examined by SDS-PAGE and western blotting using
polyclonal anti-CTSD antibody and quantified by two-dimensional

laser scanning densitometry. 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
(Chakravarty and Rice, 1989; Steinert et al., 1996b), and up@xperimental barrier disruption endogenous barrier repair
terminal differentiation of keratinocytes TG1 is cleaved at twacommenced. A rapid decrease in TEWL leading to about 60%
sites, leading to a more active form (Rice et al., 1990; Kim dbarrier recovery occurred in hairless mice within 5 hours. This
al., 1995; Steinert et al.,, 1996a; Steinert et al., 1996b), weas followed by slower kinetics of barrier recovery within the
prepared a membrane fraction from lysates of HaCaT cells agxt 24 hours. Topically application of the CTSD inhibitor
starting material. The enzymatic activity of TG1 was measurefepstatin A immediately after barrier disruption led to a
in the membrane preparation after addition of exogenousignificant delay in barrier repair at 1, 3, 5, 7 and 24 hours after
CTSD in the absence and presence of pepstatin A in an in vitteeatment (Fig. 5A).
TG1 assay based on the cross-linking #]putrescine to In addition, the functional role of TG1 in cutaneous
dimethylcasein as substrate (Hohl et al., 1998). As shown igifferentiation and permeability barrier repair was examined by
Fig. 4, TG1 activity was increased by exogenous CTSD antbpical application of the TG1 inhibitor monodansyl cadaverin
the enzymatic activation was blocked by pepstatin A. Thigfter experimental skin injury. At different times after barrier
result suggests a CTSD-mediated proteolytic activation ddisruption by tape-stripping, TEWL was again determined as
a (membrane-bound) TG1 precursor molecule leading ta marker of barrier repair. After application of monodansyl
enzymatically active TG1 fragments. This observationcadaverin, we found a significant delay in barrier repair at 1,
supports a functional link between CTSD and TG1 activities3, 5, 7 and 24 hours after treatment (Fig. 5B). These results

show that inhibition of CTSD or TG1 activity influences

) o o . epidermal differentiation and delays permeability barrier
Topical application of the CTSD inhibitor pepstatin A or repair.

of TG inhibitor monodansyl cadaverin significantly

delayed permeability barrier repair

To investigate the physiological significance of CTSD inReduced TG1 enzymatic activity and defective TG

epidermal differentiation, we next examined barrier recoverprocessing in CTSD deficient mice

following experimental skin injury and topical application of Based on our observation that CTSD is able to activate TG1 in
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Fig. 4. CTSD stimulates transglutaminase 1 (TG1) activity in
primary keratinocytes in vitro. Isolated membranes from HaCat-cells 100 contro |
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

recovery [%]
(o))
o

substrates. Results of three experiments performed in triplicate are s = MbC
shown (meanzs.e.m.). 40 .
*
. . . . 207 * P <0.05
vitro (Fig. 4), we next explored the possible role of CTSD in
the regulation of TG1 expression in CTSD-deficient mice ir 0 , , : , ,
vivo. Using a specific TGl enzyme assay, we founc 0 5 10 15 20 25

significantly decreased TG1 activity in the epidermis of
heterozygous (CTSD) mice which was further reduced in
homozygous (CTSE) mice (Fig. 6). In order to investigate Fig. 5. Topical application of the CTSD inhibitor pepstatin A (A) and
whether this decreased TG1 activity in C*SD mice is  of the TG inhibitor monodansyl cadaverin (MDC; B) significantly
caused by a defective processing of a TG1 precursor moleculglays permeability barrier repair. Acute disruption of the
we analyzed the distribution of TG1 protein by westerrpermeability barrier was induced by tape-stripping until a 20- to 30-
blotting using a specific anti-TG1 antibody. A strongly band ofold increase in TEWL (transepidermal water loss/transcutaneous
approximately 35 kDa was detected in the epidermis frorgater loss) occurred. Immediately after barrier disruption, pepstatin
i

t [hours]

. . . P , monodansyl cadaverin or the carrier solution was applied and
Wlld-type mice, but th'$ pand was significantly decreased recovery in TéWL was determined at different times af‘igr treatment.
the skins of CTSD-deficient heterozygous and even more i
homozygous mice (Fig. 7). In CT$D) mice, a 150 kDa
protein was strongly expressed instead, which was also seen
in CTSD*) mice, but completely absent in wild-type mice. reduced and in CTSB") mice completely absent, suggesting
These finding suggest a defective processing of a 150 kDa T@1crucial function of CTSD for the appearance of 65 kDa
precursor protein in the epidermis of CTSD-deficient mice anévolucrin and 50 kDa loricrin in the epidermis.
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.

Changes in the immunohistology of differentiation-

related proteins in CTSD--) mice
Reduced levels of involucrin and loricrin in CTSD To examine the protein expression and localization of
deficient mice differentiation-related epidermal proteins, we performed
We next investigated whether CTSD deficiency also results iimmunohistology using specific antibodies. As shown in Fig.
changes in the expression of involucrin as an early marker, afdkeratin K1 staining in healthy skin is only found in suprabasal
loricrin as a late marker, of epidermal differentiation (Watt,layers of the epidermis, whereas keratin K5 is only expressed
1983; Yoneda et al., 1992; Steinert and Marekov, 1997). Iim epidermal basal cells. In CT$D) mice there is a focal
epidermal samples from wild-type mice, involucrin (Fig. 8A) extension of K1 staining to the basal layer. Staining for K5 is
and loricrin (Fig. 8B) were expressed as 65 kDa and 50 kDfacally extended to the upper epidermal layers in CFSD
proteins, respectively, as estimated by western blotting. Imice and the entire nucleated epidermis is stained in €t$D
CTSD*-) mice, the levels of these proteins were clearlymice. Also, the thickness of the epidermis (stratum

Results of three experiments performed in triplicates are shown.
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CTSD-genotype Fig. 8.Reduced CE protein expression in CTSD-deficient mice. Skin

tsections 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.

Fig. 6. Reduced transglutaminase 1 (TG1) activity in CTSD-deficien
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 (meants.e.m.).

Filaggrin, similar to involucrin, stained strongly in the upper
stratum spinosum and the stratum granulosum in wild-type

CTSD-genotype mice. A slight reduction in the staining intensity was found in
M x10% ' #/+ 4/ - M, x10° CTSD*-) mice. Staining intensity was clearly reduced and
=) 4 150 staining was focally absent in CTSD) mice. This reveals
150 » P f— reduced expression of CE proteins.
These studies show a functional link between CTSD activity
and expression of epidermal differentiation-related proteins.
35 b | B < 35 p p p
anti-transglutaminase | Structural changes in the stratum corneum and the

Fig. 7. Absence of 35 kDa TG1 protein in CTSD-deficient mice. transition of stratum grz_anulosum to stratum corneum
TG1 protein levels were determined in epidermal samples from Wildfjmd changes in TEWL in CTSD deficient mice

type, heterozygous and homozygous CTSD-deficient mice by The biological consequences of CTSD deficiency, reduction of
western blotting using an anti-TG1 antibody and quantified by TG1 activity and alterations in CE protein levels were analyzed
densitometry. by histological examination of semi-thin skin sections derived

from wild-type and CTSB*) mice. The epidermis of wild-
type (and heterozygous mice, data not shown) exhibited the

granulosum, stratum spinosum and stratum basale) wagell known regular arrangement of corneocytes in the stratum
reduced, whereas, a thickening of the stratum corneumorneum. In contrast, the stratum corneum of the GTSD
(hyperkeratosis) was evident in CTSD mice. These results mice was irregular in structure. The different layers of the
show changes in the protein expression of basal arstratum corneum were disrupted and the singular corneocytes
differentiation related keratins in CTSD-deficient mice. were undulated. Furthermore, there were more stratum

Keratin K6 is known to be involved in proliferation and corneum layers (Fig. 10). Part of these changes are also evident
shows faint, probably unspecific, staining in normal mousén Fig. 9. The ultrastructure of the epidermis was analyzed by
skin. No staining was found in heterozygous or homozygouslectron microscopy, revealing distinct changes in the
mouse skin. This reveals that the abnormal cornification asorphology of the stratum corneum and in the transition of
seen by light microscopy in CT$®) mice is not related to stratum granulosum to stratum corneum in CF8hmice. In
hyperproliferation. wild-type mice we found normal distances between the stratum

The involucrin antibody showed strong continuous stainingorneum layers and a normal CE as seen by the dark lines
of the upper stratum spinosum and the stratum granulosum &mound the corneocytes (Fig. 11A, arrow). In Ct$Dmice,
wild-type mice. In CTSE7-) and CTSI7-) mice involucrin  the distances between the stratum corneum layers are broader,
staining was markedly reduced, the band-like staining wawith only a faint staining of the CE and thickened corneocytes
locally interrupted. in the axial direction (Fig. 11B, arrow). Measurements of the

The loricrin antibody produced strong staining of the stratunTEWL under basal conditions in mice at the age of 20 days
granulosum. In CTS®-) and in CTSD7) mice we found a (the CTSI) mice have a life expectancy of only 28 days)
focally reduced staining. with the Tewameté&rrevealed a small increase (not significant)
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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 CTSHY)

mice and even more reduced
in CTSO—-)mice. 100 um

c
=
o
=
o
>
=

icrin

Lor

Filaggrin

in TEWL in CTSD*-) mice (+17%) and CTSB-) mice Discussion

(+11%): wild-type mice — TEWL 10.9+1.7 ghh, n=13; Recently, we demonstrated the activation of a TNF
CTSD*™) — TEWL 12.7+1.2 g/fh, n=10; CTSD’) — signal transduction pathway including TNF-R55, acid
TEWL 12.2+1.7 g/rdh, n=6. Together, these results show ansphingomyelinase and the ‘second messenger’ ceramide during
increase in the thickness and number of stratum corneum layesisin permeability barrier repair (Jensen et al., 1999). TNF and
with ultrastructural changes in CT8D) mice. The ichthyotic acid sphingomyelinase are involved in cell signaling for
skin phenotype in CTSB-) mice largely compensates for the growth, differentiation and apoptosis (Aggarwal and Natarajan,
defect in protein expression, shown by a small increase in basi96). In vitro, we identified the endolysosomal aspartate
TEWL, only. protease CTSD as a specific ceramide-binding protein.
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CTSD (--)

. o ) o . Fig. 11.Ultrastructural changes of the stratum corneum and the
Fig. 10.CTSD-deficient mice exhibited impaired stratum corneum  transition of stratum granulosum to stratum corneum in G¥SD
morphology. Microscopic analysis of semi-thin skin sections from  mjce. Electron microscopy shows that in wild-type mice (A) the

CTSD wild-type mice (A) revealed normal stratum corneum cornified envelope (CE) is clearly visible as dark lines around the
morphology. CTSD-deficient mice (B) have a disrupted stratum  corneocytes (arrow). In CTS®) mice (B) there is a broadening of
corneum and an increased number of corneocyte layers. 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.

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. Increasedld-type mice. We found significantly increased epidermal
activity of CTSD isoforms depending on the stage of epidermadxpression of the active intermediate as well as the mature form
differentiation has been described (Horikoshi et al., 1999)f CTSD 3 hours and 5 hours after permeability barrier
Also, an increased expression of the mature form of CTSD halisruption, caused by increased processing and increased
been reported (Kawada et al., 1997) in psoriasis, a disease thghthesis of the enzyme. In accordance, we noted a significant
is characterized, in addition to inflammation, by epidermalincrease of epidermal CTSD enzyme activity at different times
hyperproliferation and altered differentiation. Furthermore, imafter skin injury. Topical application of pepstatin A, an
psoriasis premature expression of the CE protein involucrin ighibitor of CTSD (Heinrich et al., 1999), prevented an
known (Thewes et al., 1991). increase in the protein expression and in the activity of CTSD
We examined the role and specific targets of CTSD imnd significantly delayed permeability barrier repair after
epidermal differentiation. First, we performed in vitro studiesexperimental disruption. These results clearly show
determining the protein expression and activity of CTSD irinvolvement of CTSD in the epidermal repair process after
primary and in differentiated, stratified (organotypic) culturednjury.
keratinocytes. We found a significant increase in CTSD protein The kinetics of CTSD processing and activation, as
levels and an increase in the enzymatic activity of CTSD imlemonstrated by increased expression at 1-5 hours after
differentiated compared to primary keratinocytes, suggestingtaeatment, corresponded to the activation of sphingomyelinase
function of CTSD during epidermal differentiation in vitro. and the amount of epidermal ceramides after barrier
To explore a possible link between CTSD and epidermagberturbation (Jensen et al., 1999). In our previous study, a
differentiation in vivo, we investigated the epidermalsignificantincrease in acid sphingomyelinase activation and an
expression and the enzymatic activity of CTSD afterelevated epidermal ceramide content 1-4 hours after barrier
experimental skin injury during permeability barrier repair indisruption was demonstrated (Jensen et al., 1999), thus acid
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undetectable in the epidermis of CTSD mice, where we
observed the expression of a 150 kDa TG1 protein instead.

Lipid bilayer There was less of this protein in CT&D mice and none in
wild-type control mice. These observations suggest the
Cell membrane 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 lizuka et
al. (lizuka 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 (lizuka 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 CTSH*) mice, but not in CTSE) 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

During epidermal differentiation, the aspartate protease CTSD in th pinous layer at an early stage in keratinocyte differentiation.

stratum granulosum (SG) is activated, cleaves the membrane-bound-Oricrin is an insoluble CE precursor, expressed later in the
150 kDa precursor of transglutaminase 1 (TG1) producing the activélifferentiation process in intracellular granules.

Fig. 12.Model of the role of CTSD in epidermal differentiation.

35 kDa form. TG1 in turn mediates cross-linking of the cornified The link between CTSD-dependent activation of
envelope (CE) proteins involucrin and loricrin to the CE. SC, stratunkeratinocyte TG1 and the expression of CE proteins was
corneum; SS, stratum spinosum; SB, stratum basale. 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

sphingomyelinase-derived ceramide may be linked to CTSDG1. These results are in agreement with the effects observed
activity during permeability barrier repair. after application of the CTSD inhibitor pepstatin A (data not

The epidermis follows a programmed transformation ofhown). Since a high molecular mass TG1 precursor protein
keratinocytes from the proliferating basal cells to the spinousyas present in CTSE) but not in wild-type mice, CTSD
then to the granular and to the horny layers where thappears to mediate the proteolysis of the enzymatically inactive
permeability barrier resides and finally desquamation occur3.G1 to the active enzyme. Thus, the deficient mice also reveal
Starting in the granular layer, aspartatic proteinases such asfunctional link between CTSD expression, maturation and
CTSD are activated in the lysosomes where they participate activation of TG1, and the appearance of involucrin and
the massive degradation process accompanying cornificatioloricrin in the epidermis.
Recent observations identified CTSD to be located in lamellar Morphologically, the CTSB) mice exhibited epidermal
bodies within the keratinocytes (Ishida-Yamamoto et al.hyperkeratosis as a sign of disturbed epidermal differentiation.
2004). Involucrin and loricrin are cross-linked by TG1 to formThe skin symptoms may be explained by a diminished ability
the insoluble and rigid CE (Steinert and Marekov, 1997)of the corneocytes to bind intercellular lipids, caused by the
CTSD was reported to activate TG1 and thereby contribute t@duced expression of involucrin and loricrin in the stratum
the enzymatic processes during cornification (Negi et al., 198tprneum. Previously, it was shown that the CE proteins, in
Horikoshi et al., 1999). These findings were supported angarticular involucrin, covalently bindy»-hydroxy ceramides.
extended by our in vitro and in vivo results: we found CTSD-These ceramides form a scaffold for the attachment of free
dependent activation of TG1 in a keratinocyte membraneeramides, cholesterol and free fatty acids that provides
preparation and, furthermore, the activity of TG1 was severelgtratum corneum lipid bilayers for the permeability barrier
diminished in the epidermis of CT$®) mice when compared function (Downing, 1992; Steinert and Marekov, 1997).
to wild-type mice. The enzymatic activity of TG1 correlatedMorphological disruption of the corneocyte layers was found
with the expression of a 35 kDa protein in wild-type mice,in the CTSII'-) mice (Fig. 10B). These disruptions started at
as detected by immunoblotting. This 35 kDa protein waghe interface of the stratum granulosum/stratum corneum, the
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place where normally the lipid bilayers extrude their lipids intotransplanted TG1-) mouse skin resembled that seen in severe
the intercellular space. Ultrastructural analysis of the epidermishthyosis, with epidermal hyperplasia and marked
in CTSD—) mice revealed broadening of the distanceshyperkeratosis. Abnormalities in those barrier structures
between the SC layers, with only a faint staining of the CE angemained, but TEWL was decreased to control levels in the
thickened corneocytes in the axial direction. This demonstrateéshthyosiform skin. The authors suggested that the
the influence of CTSD on corneocytes and possibly omchthyosiform skin phenotype in TG1 deficiency develops
lipid organization in the stratum corneum. Together, themassive hyperkeratosis as a physical compensation for the
morphological findings suggest an important role for CTSD irdefective cutaneous permeability barrier (Kuramoto et al.,
epidermal differentiation. 2002). A compensatory mechanisms maintaining skin barrier
To evaluate the consequences of CTSD deficiency arfdnction in the absence of a major CE protein was also
reduced TG1 activity in more detail, we analyzed thedescribed in a loricrin-deficient mouse model (Koch et al.,
distribution of various epidermal keratins and CE protein®000). Also, targeted ablation of the murine involucrin gene
by immunohistology. An extended expression of basal andid not show defects in barrier function. These mice developed
differentiation-related keratins K5 and K1 as a sign of anormally, possessed apparently normal epidermis and hair
disturbed differentiation was found in CTSD-deficient mice. Infollicles and generated CEs that could not be distinguished
previous studies we have found that expression of th&om those of wild-type mice (Djian et al., 2000; Jensen et al.,
differentiation marker K1 is disturbed after acute (tape-1999b). The complexity and redundancy of epithelial barrier
stripping) or chronic (metabolic, essential fatty acid deficienfunction has been discussed by Steinert (Steinert, 2000). Our
diet, EFAD) barrier disruption. However, in these models weCTSD-) mouse model has a broader impact on skin
also found an increase in the expression of the proliferatiormorphology than either involucrin or loricrin deficiency.
associated keratin K6 (and also K16) (EkanayakeNotably, there are similarities between the skin of CFSD
Mudiyanselage et al., 1998). Expression of K6 (besidemice, the skin of TGt~ mice and the human skin disease
changes in basal and differentiation related keratins) is aldamellar ichthyosis. In lamellar ichthyosis a mutation in the
known in psoriasis (Hagemann and Proksch, 1996). ITG1 gene resulting in a reduction in epidermal involucrin was
CTSD-) mice K6 was absent, though a thickening of thedescribed (Hohl et al., 1993; Huber et al., 1995). The
horny layer was clearly visible. Therefore, the Ct$Dmice  similarities are explained by the strongly reduced TG1
may have similarities to so called ‘retention hyperkeratosis’expression in the skin of CT$®) mice.
such as ichthyosis, and not to so called ‘hyperproliferation- In the initial characterization of the CTSD-deficient mice
associated keratosis’, such as psoriasis. In accordance, matepic changes of the ileal mucosa leading to an insufficient
heterozygous for a truncated keratin K10, as a model fanucosal barrier were observed. The limit between epithelium
the ichthyosis called epidermolytic hyperkeratosis, which isand central connective tissue normally formed by a basement
caused by point mutations in the suprabasal K1 or K10 (Chengembrane was undetectable in these mice (Saftig et al., 1995).
et al., 1992; Chipev et al., 1992; Rothnagel et al., 1992; Yan@pgether, these results prove the importance of CTSD for
et al., 1997; Suga et al., 1998; Ishida-Yamamoto et al., 200®arrier function and for epithelial differentiation in different
did not show K6/K16 protein expression in flank skin (Porteiorgans.
et al.,, 1998). Ichthyosis is a group of skin disorders with In summary, our in vitro and in vivo results suggest a crucial
different causes, showing disturbed epidermal differentiatiomvolvement of the aspartate protease CTSD in the activation
with variable effects on the permeability barrier (Lavrijsen ebf keratinocyte TG1 and in the regulation of the CE protein
al., 1993). expression during epidermal differentiation, which is
The expression of involucrin and loricrin, as well assummarized in a model shown in Fig. 12. Our findings may be
filaggrin, were significantly reduced in heterozygote andmportant for the development of new treatment modalities in
homozygote epidermis in the CTSD-deficient mice. Filaggrirskin diseases with an altered epidermal differentiation pattern.
deficiency is well known in ichthyosis vulgaris (Gunzel et al.,
1991). Defective interaction between keratin and filaggrin We greatly appreciate the assistance of Andrea Hethke, Claudia

is also seen in epidermolytic hyperkeratosis. AbnormalNéumann and Dr Xu-Ping Wang. This work was supported by the
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