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Biological roles of APP in the epidermis
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The amyloid precursor protein (APP) was initially detected in
cells of the central nervous system where it is considered to be
involved in the pathogenesis of Alzheimer×s disease. However,
APP is also found in peripheral organs with exceptionally
strong expression in themammalian epidermis where it fulfils a
variety of distinct biological roles. Full length APP appears to
facilitate keratinocyte adhesiondue to its ability to interactwith
the extracellular matrix. The C-terminus of APP also serves as
adapter protein for binding the motor protein kinesin thereby
mediating the centripetal transport of melanosomes in epider-
mal melanocytes. By the action of �-secretase sAPP�, the
soluble N-terminal portion of APP, is released. sAPP� has
been shown to be a potent epidermal growth factor thus
stimulating proliferation andmigration of keratinocytes as well
as the exocytic release of melanin by melanocytes. The release
of sAPP� can be almost completely blocked by inhibiting �-
secretase with hydroxamic acid-based zinc metalloproteinase
inhibitors. In hyperproliferative keratinocytes from psoriatic
skin this inhibition results in normalized growth.

Abbreviations. APP Amyloid precursor protein ± sAPP� Soluble form of
APP ± APLP-1/-2 Amyloid precursor-like protein-1/-2

Introduction

The amyloid precursor protein (APP) is thought to play a
central role in the pathogenesis of Alzheimer×s disease and is,
therefore, in the focus of intense biomedical research, particu-
larly in molecular genetics, protein chemistry and cell biology.
Accordingly, localization, processing and function of APP in
the central nervous system are of prevailing significance.
However, APP is also found in peripheral organs (Sandbrink
et al., 1994) with a particularly strong expression in the
mammalian epidermis (Hoffmann et al., 2000). The question

arose which are the biological roles of APP in the diverse
epidermal cell functions. In this review we summarize recent
progress in this field of research.

The APP family

The mammalian APP belongs to a highly conserved family
(Goldgaber et al., 1987) of type I integral membrane proteins
with large extracellular and short intracellular domains. This
family consists of APP which appears to be ubiquitously
expressed in almost all mammalian cell types (Sandbrink et al.,
1994) and theAPP-like proteins, i.e. theGolgi-localizedAPLP-
1 from mouse brain (Wasco et al., 1992) and APLP-2 from
mouse brain and several peripheral non-neuronal organs
(Fig. 1) (Sprecher et al., 1993; Wasco et al., 1992; Wasco et al.,
1993). Both APLP-1 and �2 lack the A� peptide and are,
therefore, not amyloidogenic. Double and triple knockouts of
APLP-1 and APLP-2 in mice are lethal, suggesting that these
proteins are vitally important (Heber et al., 2000; von Koch
et al., 1997). Homologous proteins have been detected in
Caenorhabditis elegans (Daigle and Li, 1993),Drosophila (Luo
et al., 1992), and Xenopus (Okado and Okamoto, 1992). The
humanAPP gene contains 19 exons, of which the exons 7, 8 and
15 can be spliced alternatively leading to the three major APP
isoforms APP695, APP751 and APP770, named according to the
number of amino acids. APP695 mRNA lacking exons 7 and 8 is
the most abundant APP transcript in the brain (Golde et al.,
1990; Kang and Muller-Hill, 1990; Tanzi et al., 1988), whereas
the longer splice variants APP751 and APP770, both of which
contain a Kunitz-type proteinase inhibitor (KPI) domain
(Kitaguchi et al., 1988; Ponte et al., 1988; Sandbrink et al.,
1994; Tanzi et al., 1988) while APP770 carries additionally an
MRC OX-2 region, are found as the prominent primary APP
translation products in peripheral organs (Golde et al., 1990;
Ponte et al., 1988; Tanzi et al., 1988) (Fig. 1). The APP family
members are cotranslationally inserted into the membrane of
the endoplasmic reticulum (ER). In the Golgi apparatus, the
structural diversity and complexity ofAPP,APLP-1 andAPLP-
2 are further increased by modification of their N- and O-
glycans andby the additionof sulfate (Kuentzel et al., 1993) and
phosphate groups (Suzuki et al., 1994; Walter et al., 1997).
Mature APP is then transported to the plasma membrane.
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However, at least in thyrocytes a fraction of the immature APP
becomes iodinated, indicating that it is delivered to the plasma
membrane (Graebert et al., 1995). A major fraction of APP,
however, does not reach the mature state, but is degraded
before arriving at the Golgi apparatus (Kuentzel et al., 1993),
presumably by the ER-associated degradation system. Limited
proteolysis ofAPP results in the release of at least two classes of

peptides with distinct features and different biological roles.
According to their pathogenic significance, both proteolytic
pathways are designated as amyloidogenic and non-amyloido-
genic (Fig. 2).

The amyloidogenic pathway
The amyloid beta (A�) peptides, consisting of a group of
peptides of up to 43 amino acids, are generated by specific
proteolytic processing ofAPPat the�- and �-secretase cleavage
sites. A� is mainly found in the form of extracellular amyloid
plaques in the limbic and associated cortices of the central
nervous system of patients suffering fromAlzheimer×s disease.
Nevertheless, it is generated intracellularly during the physio-
logical metabolism of APP (Haass et al., 1992; Shoji et al.,
1992). Endosomes (Koo and Squazzo, 1994) and the distal
secretory pathway including the Golgi apparatus (Busciglio
et al., 1993) are the source of secreted A�40 and A�42. In
contrast, lysosomes (Yang et al., 1999) and the ER (Greenfield
et al., 1999) are believed to generate a pool of non-secretable
aggregated A�42 (Knauer et al., 1992; Skovronsky et al., 1998).
A� is regularly found in lysosomes, but in the ER only after

overexpression of APP (Cook et al., 1997; Hartmann et al.,
1997;Wild-Bode et al., 1997) suggesting thatA� is generated in
the ER only when elevated amounts of APP accumulate.
However, in a more recent study A�42 was found in the ER of
untransfected primary rat neurons (Greenfield et al., 1999),
arguing against this assumption.As yet, it is unresolvedwhether
the ER-localized A� is actually generated in the ER or in more
distal compartments of the secretory pathway (Cupers et al.,
2001a; Iwata et al., 2001; Maltese et al., 2001) implying its
retrograde transport to the ER. An explanation for the
inconsistent finding of A� in the ER would be an efficient
clearance mechanism resulting in low A� levels in the ER.
Degradation is a common process for misfolded and aggrega-
tion-prone proteins, which are retained in the ER. It involves
their export from the ER to the cytosol and their consecutive
proteolysis by proteasomes (for a recent review, see (Kostova
and Wolf, 2003)). Indeed, ER-localized A�42 was found to be
exported to the cytosol where it was degraded by proteasomes
and in an additional proteasome-independent pathway by the
™insulin-degrading enzyme∫ (Schmitz et al., 2004). Thus, in
addition to the extracellular space (Iwata et al., 2000; Ledesma
et al., 2000; Vekrellis et al., 2000) and lysosomes (Frautschy
et al., 1998), the cytosol represents a compartment where
degradation of A� occurs. When the degradative capacity of
these cytosolic clearance pathways is saturated, A� forms
cytosolic and nuclear aggregates (Buckig et al., 2002; Grant
et al., 2000). The ability of the cytosol to degrade A� is of
pathological relevance because cytosolicA� has been shown to
induce apoptosis (LaFerla et al., 1995; Yan et al., 1997). There-
fore, reduced degradation of the cytosolic A� originally
generated in the secretory pathway might contribute to the
pathogenesis of Alzheimer×s disease. The function of A� in the
epidermis is unknown. However, it would be of interest to
analyze its possible role, e.g. during UV-induced apoptotic cell
death.

The non-amyloidogenic pathway
In the late secretory pathway and after reaching the cell surface
APP is further processed: the cleavage by �-secretase is very
efficient and results, in combination with endocytosis, in the
rapid removal of cell surface-expressed APP. �-Secretase
activity appears to be exerted not only by one protease but by

Fig. 1. Epidermal members of the APP protein family. APP and
APLP-2 share a 66 to 72% homology in their extracellular region I
(EI). This homology is lacking in the extracellular region II (EII).
APLP-2 lacks the A� peptide (A�) characteristic of APP which occurs
in three isoforms of which the isoformAPP751 and APP770 are expressed
at much higher levels than APP695. The cytoplasmic tail (C), which
contains the GYENTPY motif, the binding site for a variety of
cytoplasmic proteins, is highly conserved with a homology of 71%. SP,
signal peptide; HBS, heparin-binding sites; CuBS, Cu(I)-binding sites;
CollBS, collagen-binding site; Go, binding site for G0 proteins; Cys,
cysteine-rich region; Ac, acidic region; KPI, Kunitz-type protease-
inhibitor domain; MRC OX-2, a lymphoid/neuronal membrane
glycoprotein present in the APP isoform 770, only; PM, plasma
membrane.

Fig. 2. Proteolytic processing of APP. Characteristic of the non-
amyloidogenic pathway is the APP cleavage by �-secretase resulting in
the release of sAPP�. In the amyloidogenic pathway A� peptides are
released by the activity of �- and �-secretases. In this reviewwe focus on
the biological roles of full length APP and of sAPP�. The functional
significance of sAPP�, p3 and C83 is largely unknown.
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several members of the ADAM (a disintegrin and metallopro-
tease) family including ADAM 17 (Buxbaum et al., 1998),
ADAM 10 (Lammich et al., 1999) and ADAM 9 (Koike et al.,
1999).
The half-life of APP from synthesis to degradation has been

estimated to be 30 min in neuronal cells (Weidemann et al.,
1989) as well as in peripheral cells such as thyrocytes (Graebert
et al., 1995) and keratinocytes (Hoffmann et al., 2000). The
estimated half-life for APP on the cell surface is, of course,
shorter and does not exceed ten minutes (Koo et al., 1996).
Consequently, onlyminor amounts ofAPP (as compared to the
total cellular pool) are detected at the cell surface (Kuentzel
et al., 1993; Sambamurti et al., 1992). In contrast, the C-
terminal 83-amino-acid APP fragment (C83) remaining in the
cell membrane has a relative long half-life of at least 4 hours
(Oltersdorf et al., 1990).

�-Secretase activity also results in the release of the secretory
N-terminal ectodomain of APP (sAPP�) which contains a
number of functionally relevant protein regions pointing to
distinct physiological roles (De Strooper and Annaert, 2000;
Hoffmann et al., 2000; Jin et al., 1994; Masliah et al., 1997;
Mucke et al., 1996; Pietrzik et al., 1998; Popp et al., 1996; Saitoh
et al., 1989).

APP expression in the epidermis

Epidermal keratinocytes form a multi-layered, constantly self-
renewing epithelium. Keratinocytes of the basal layer which
rest on the basement membrane and which are in contact with
the suprabasal layer of spinous cells consist of epidermal stem
cells, transient amplifying cells and postmitotic cells (Lavker
and Sun, 1982). Thus, the basal cell layer represents the
heterogeneously composed germinative center of the epider-
mis.
Proliferating human keratinocytes in culture and HaCaT

cells, a spontaneously immortalized human keratinocyte line
(Boukamp et al., 1988), synthesize all three APP isoforms with
APP770 and APP751 being expressed about 8- to 10-fold above
APP695 (Fig. 3). In the normal human (Hoffmann et al., 2000;
Siemes et al., 2004) and murine (Kummer et al., 2002) epider-
mis, APP is predominantly expressed in basal keratinocytes
(Fig. 3). This localization adds APP to a collection of proteins
which are considered markers of basal keratinocytes. These
markers include �1-integrin (Jensen et al., 1999), the cytoker-
atins K5 and K14 (Fisher and Holbrook, 1987) and the LDL
receptor (Mommaas-Kienhuis et al., 1987), Limax flavus
agglutinin-binding glycoprotein (Watt et al., 1989), TGF-�
(Barrandon and Green, 1987), basonuclin (Iuchi and Green,
1999), or p63 (Pellegrini et al., 2001). It has been shown that
basal cells differ in the expression of cell markers, in particular
�1-integrin (Hall andWatt, 1989; Jensen et al., 1999). However,
none of these markers allows to identify unequivocally stem
cells in the basal cell layer.Thedetection ofAPP inHaCaT cells
and proliferating keratinocytes in culture as well as in basal
keratinocytes has raised the possibility that epidermal stem
cells might be distinguishable from other differentiating
keratinocytes by their expression of APP. Indeed, by analyzing
whole-mount preparations of the human epidermis distinct
cells of high APP expression levels were found within the basal
cell layer, which, however, were identified as melanocytes by
their coexpression of tyrosinase and other markers (Quast

et al., 2003). Interestingly, in the neuronal crest-derived mela-
nocytes theAPP isoforms 751 and770 exhibit higher expression
levels than APP695. Apparently, melanocytes in the basal
epidermal layer have adopted the non-neuronal expression
pattern usually found in cells of peripheral organs (Quast et al.,
2003).

Functional significance of full-length
APP

Mice deficient in a single member of the APP protein family
display only subtle neuronal deficits, such as decreased
locomotive activity and forelimb grip strength (Muller et al.,
1994; Zheng et al., 1995), probably due to the functional
redundancy of APP, APLP-1 and APLP-2 (von Koch et al.,
1997). Neurons derived from the APP-deficient mice display
reduced survival and neurite outgrowth (Perez et al., 1997) and
keratinocytes from thesemice show a reduced proliferative and
cell substrate adhesion potential (Wehner et al., 2004). In
human and mouse epidermis, APLP-2 is localized to the basal
cell layer but in contrast toAPPalso found in the suprabasal cell
layer (Kummer et al., 2002). Expression of APLP-1 is not
detectable in the epidermis.

APP as a cell surface receptor
The C-terminal region of APP exhibits structural properties
that suggest a role of APP as a cell surface receptor involved in
signal transduction (Rossjohn et al., 1999). Accordingly, the
APP intracellular domain which is liberated by �-secretase

Fig. 3. APP expression in human skin. Immunocytochemical locali-
zation of APP (green) and laminin-5 (red) shows that APP is mainly
found in the epidermis where it is limited to the basal cell layer (a). All
three APP isoforms are detectable by PCR showing that in keratino-
cytes APP751 and APP770 are expressed at much higher levels than
APP695. (Bar, 100 �m)
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cleavage is translocated to the nucleus (Cupers et al., 2001b;
Kimberly et al., 2001) where it may function as a transcription
factor (Bergman et al., 2003; Cao and Sudhof, 2001). In
addition, the short cytoplasmic region binds to G proteins
(Okamoto et al., 1996) and interacts with proteins containing a
phosphotyrosine-binding domain (Zambrano et al., 1997).
Two-hybrid screening assays have led to the discovery of at
least three adapter proteins that appear to interact with this
GYENTPY domain. The Fe65 protein, which can be consid-
ered the prototype in this regard, is a multimodular protein
containing a WW motif and two phosphotyrosine-interaction
domains (PID) (Russo et al., 1998). A second APP-binding
protein, X11, also binds to the cytosolic APP tail using a PID of
the GYENPTY motif for interaction (Borg et al., 1996;
McLoughlin and Miller, 1996). The requirements for binding
of Fe65 andX11 to theGYENTPYmotif ofAPPoverlap in part
and both proteins may, therefore, compete for binding to APP.
This antagonism apparently is involved in modulating the
transport of APP to the cell surface. Overexpression of Fe65
increased the amount of cell surface-expressed APP and the
rate of its proteolytic processing (Sabo et al., 1999) whereas
overexpression ofX11 had opposite effects (Sastre et al., 1998).
Hence, both proteins appear to be involved in the regulation of
the amount of APPon the cell surface. A third protein, mDab1
(the mammalian homologue ofDrosophila disabled), has been
shown to bind to the same region (Homayouni et al., 1999;
Howell et al., 1999). Dab1 is a key mediator in reelin signaling
that controls the positioning of neurons in the developing
central nervous system (Trommsdorff et al., 1998) whereas
Dab2 appears to be involved in endocytic trafficking by binding
to the GYENTPY motif (Morris and Cooper, 2001).
Mena, themammalianhomologue of theDrosophila enabled

protein, binds to theWWmotif in Fe65 (Ermekova et al., 1997).
Mena is, together with its homologue VASP (vasodilator-
stimulated phosphoprotein), concentrated in focal adhesions
and both are found in areas of actin remodeling such as
lamellipodia (Lanier et al., 1999). Theymay, therefore, provide
a link betweenAPPand the cytoskeleton andbe involved in cell
adhesion and migration (Ermekova et al., 1998). Another
protein thatmay provide a link betweenAPP andmicrotubules
is PAT1 (protein interacting with the APP tail 1) (Zheng et al.,
1998).

APP as a matrix-binding protein
APP is known to avidly bind to heparin (Schubert et al., 1989),
which may be explained by the presence of two putative
heparin-binding sites, HBS-1 within the cysteine-rich region
close to theN-terminus (Small et al., 1994) andHBS-2, which is
located further away from the N-terminus (Multhaup et al.,
1994) (Fig. 1). Other extracellular matrix (ECM) proteins
interacting with APP are perlecan (Narindrasorasak et al.,
1991), laminin (Narindrasorasak et al., 1992), collagen type IV
(Beher et al., 1996; Narindrasorasak et al., 1995) and entactin
(Narindrasorasak et al., 1995). Overexpression of APP in
neuronal cells has been reported to modulate cell adhesiveness
(Schubert and Behl, 1993), suggesting that APP promotes cell
adhesion to ECM constituents. Besides the integrin family of
ECM receptors, full-length APP is detectable in a fraction of
the membrane-bounded macroaggregates (Fig. 4) which are
left behind in the track of migrating keratinocytes and which
adhere to the provisional basement membrane (Kirfel et al.,
2003).

APP as a kinesin adapter protein
Intracellular movement of organelles is generated by motor
proteins such as kinesin, dynein and myosin, which mediate
directed transport along microtubules or microfilaments. It has
been shown that the cytoplasmic C-terminus of APP functions
as a membrane receptor for kinesin-I that mediates the axonal
transport of membrane-bound compartments (Kamal et al.,
2001). Full-length APP is also detectable in the membranes of
melanosomes, which are transported to the tips of melanocyte
dendrites along microtubules (Quast et al., 2003). Hence, it is
conceivable that kinesin interacts with the C-terminus of APP
in melanosomes, thereby mediating their transport along
microtubules (see Fig. 8).

APP as a copper-binding protein
APP appears to be a major regulator of neuronal copper
homeostasis, as it strongly binds Cu(II) and reduces it to Cu(I)
in vitro (Multhaup et al., 1996). The copper-binding domain
(Fig. 1) is located in the N-terminal cysteine-rich region next to
the growth factor-like domain (Barnham et al., 2003). This
appears to be important, since a major source of free radical
production in cells derives from copper (Bush, 2000; Sayre
et al., 1999) which is known to induce significant oxidative
stress in human keratinocytes involved in the induction of
apoptosis in basal epidermal cells after UV exposure (Kagan
et al., 2002).

Growth factor functions of sAPP�

Normal growth, differentiation and wound repair of the skin
are regulated by a variety of ions, cytokines and growth factors
(Fuchs and Raghavan, 2002; Martin, 1997; Werner and Grose,
2003). Key regulators of epidermal growth, e.g. during reepi-
thelialization after wounding, are epidermal growth factor
(EGF) (Nanney et al., 1996) derived from platelets, transform-
ing growth factor-� (TGF-�) from basal keratinocytes (Nanney
et al., 1996; Rappolee et al., 1988), keratinocyte growth factor
(KGF) from dermal fibroblasts (Werner et al., 1992), and
activin (Grose andWerner, 2002; Munz et al., 1999). However,
inhibition of these growth factors at the wound site or blockade
of receptor signaling revealed that none of these factors is

Fig. 4. APP within the migration track. Migrating keratinocytes leave
behind tracks consisting of ECM proteins and macroaggregates, i.e.
vesicular fragments that rip off at the rear of keratinocytes during
migration, APP is left behind (a) as an integral protein of the delimiting
membrane of these macroaggregates (b). APP may mediate, together
with integrins, the adhesion of macroaggregates and, before their
release, of keratinocytes to ECM proteins. (Bar, 20 �m)
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absolutely essential for the reepithelialization process (Grose
and Werner, 2002). These observations imply functional
redundancy among different mitogens and they suggest the
existence of other as yet unknown growth factors for epidermal
keratinocytes. sAPP� appears to belong to this group of growth
factors. Structural similarities (Fig. 1) to other growth factors
such as midkine (Iwasaki et al., 1997), hepatocytes growth
factor (HGF) (Zhou et al., 1998) and vascular endothelial
growth factor (VEGF) (Fairbrother et al., 1998) strongly
indicate that sAPP� can be classified as a new member of the
cysteine-rich growth factor family (Rossjohn et al., 1999).
sAPP� has been shown to bind specifically to small

membrane microdomains of keratinocytes (Hoffmann et al.,
2000) and a variety of other epithelial and neuronal cells
(Hoffmann et al., 1999). This binding is mediated by a receptor,
which as yet has not been identified. Interestingly, recombinant
sAPP� cofractionates in density gradients with raft mem-
branes. Their analysis indicates that sAPP�-binding microdo-
mains are composed like detergent-insoluble membrane rafts
except for their lack of caveolin (Tikkanen et al., 2002).
Moreover, cells such as thyrocytes that do not exhibit caveolae
are capable of binding sAPP�. Nevertheless, the unknown
sAPP� receptor is probably a resident raft protein. The binding
of sAPP� to its receptor results in phosphorylation of some raft
proteins, pointing to activated signal transduction mechanisms
thus providing additional evidence for the suggested role of
sAPP� as a growth factor (Tikkanen et al., 2002). Receptor
candidates comprise the lipoprotein receptor-like protein
(LRP) (Strickland et al., 1995), the class A macrophage
scavenger receptor (Santiago-Garcia et al., 2001) and the
EGF receptor family (Piepkorn et al., 1998). Remarkably,
nanomolar sAPP concentrations have been shown to stimulate
rac kinase activity which also occurs during EGF receptor
signaling (Kirfel et al., 2002).

sAPP� and keratinocyte proliferation
The binding of recombinant sAPP� to cell surfaces also results
in the activation of MAP kinase and subsequently in a two- to
fourfold increase in the rate of proliferation (Fig. 5) (Hoffmann
et al., 2000; Quast et al., 2003; Siemes et al., 2004). In kerati-
nocytes, the growth-promoting effect is highest at 10 nM
recombinant sAPP� and similar to the effects of TGF-� and
KGF, two major regulators of keratinocyte proliferation
(Werner, 1998; Werner and Grose, 2003). Endogenously
released sAPP� apparently stimulates epithelial proliferation
as shown by the use of antisense techniques which result in the
suppression of APP expression and sAPP� release down to
approximately 35%. This antisense-induced inhibition of
sAPP� release causes a dramatic reduction in the rate of
proliferation of keratinocytes by about 50 to 60% (Hoffmann
et al., 2000; Siemes et al., 2004), which is similar to the effects
described for other epithelial cells such as thyrocytes (Pietrzik
et al., 1998). As sAPP� may derive from various APP species
and their related proteinsAPLP-1 andAPLP-2, amore general
approach to inhibit sAPP� release may be required. A
™pharmacological knock-out∫ of sAPP� can be induced by
the inhibition of the �-secretase-dependent release of sAPP�
and the resulting suppression of keratinocyte proliferation
(Siemes et al., 2004). Both antisense- and inhibitor-induced
suppression of keratinocyte proliferation can be overcome by
the addition of recombinant sAPP�. Optimum mitogenic
effects were reached at 10 nM recombinant sAPP�. This
concentration corresponds to the amounts of sAPP� released

by keratinocytes into the culture medium, where concentra-
tions between 5 and 20 nM are characteristic of ™conditioned
media∫.

sAPP� as a stimulator of keratinocyte
migration
Many of the hitherto analyzed soluble growth factors such
as EGF (Cohen, 1987), KGF (Werner, 1998) and TGF-�
(Massague, 1990) have motogenic effects on a variety of cell
types, i.e., they are capable of inducing cell migration and, in
addition, to stimulate lamella dynamics (Chicoine and Silber-
geld, 1997; Manske and Bade, 1994). The latter is manifested in
the more rapid and more frequent protrusion and retraction of
membrane extensions including the sheet-like lamellipodia and
the finger-like filopodia (Lauffenburger and Horwitz, 1996).
By applying a computer-assisted, video-microscopic assay

(Hinz et al., 1999) combined with high-resolution scanning
electron microscope studies, different isoforms of sAPP� have
been revealed as potent motogens for human epidermal
keratinocytes.Under the stimulus of nanomolar concentrations
of sAPP� a tenfold increase in the number of cells acquiring a
polarizedmorphology is detectable (Fig. 6) (Kirfel et al., 2002),
which is considered the onset of cell migration (Lauffenburger
and Horwitz, 1996). Keratinocyte migration velocity is en-
hanced by sAPP� about twofold (Fig. 6). Thus, the motogenic
effect of sAPP� on human keratinocytes is comparable to the
effects of EGF, KGF and TGF-� on this cell type (Hebeda,
1988; Hinz et al., 1999; Matsumoto et al., 1991). In addition,
sAPP� acts as an accelerating factor for lamella dynamics,
stimulating ruffle and lamellipodia activities up to threefold
(Kirfel et al., 2002). Intriguingly, of all tested isoforms,
sAPP�751, which is expressed at high levels in the cells of the
human epidermis, was the most potent motogen for human
keratinocytes. Because keratinocyte migration is essential for
the closure of epidermalwounds (Martin, 1997), sAPP�maybe
involved in the regulation of epidermal wound healing. This
assumption is supported by the recent findings that increased
APP expression is observed in all keratinocytes of the wound
margin and that sAPP� also exerts a chemotactic effect on
keratinocytes (Kirfel et al., 2002) suggesting that sAPP�might
be involved in guiding keratinocytes towards the wound bed
(Kummer et al., 2002). As sAPP� is also released by blood

Fig. 5. sAPP� as a growth factor. Proliferation of keratinocytes is
significantly increased about two- to fourfold with maximum rates at
10 nM recombinant sAPP�.
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platelets (Bush et al., 1990), fibrin clots within the wound bed
might represent an additional source of sAPP� that attracts
keratinocytes for reepithelialization.

sAPP� in hyperproliferative skin diseases
Themost common hyperproliferative skin disease is psoriasis, a
distressing chronic disease that varies in severity depending on
inheritance and environmental factors (Green et al., 1996;
Lebwohl, 2003). Although psoriasis is characterized by hyper-
proliferation of the epidermis, the immune system plays a
prominent role in the development of this disease. Inflamma-
tory cells such as activated T-cells are known to be involved in
themanifestation of psoriasis (Ghoreschi et al., 2003; Lebwohl,
2003) whereas the notion that keratinocytes contribute to their
own enhanced proliferation rate is not uniformly supported
(Kadunce and Krueger, 1995). Recent investigations con-
firmed, however, that psoriatic keratinocytes sustain their
characteristic expression pattern and their hyperproliferative
phenotype in vitro for several passages of culture (Buisson-
Legendre et al., 2000; Siemes et al., 2004). As keratinocyte
growth is strongly stimulated by sAPP�, inhibitors of sAPP�
release and their effect on the proliferation of normal and
psoriatic keratinocytes are of particular interest. Hydroxamic
acid-based zincmetalloproteinase inhibitors such asBatimastat
bind to the active site of the �-secretase where they coordinate
with the essential zinc ion (Botos et al., 1996), thereby

inhibiting the cleavage of APP and the production of sAPP�
(Parvathy et al., 1998). In neuronal cells these inhibitors also
affect tumor necrosis factor-alpha convertase (TACE) and
angiotensin-converting enzyme secretase (ACE secretase)
(Parkin et al., 2002), which, however, appear to be absent
from normal keratinocytes. The inhibitors can be applied at
optimal concentrations of 20 �M to epidermal organ and
keratinocyte cultures for prolonged periods of time resulting in
an inhibitionof sAPP� releasebyabout 80 to 90%without toxic
side effects (Siemes et al., 2004). As �-secretases are known to
cleave all members of the APP protein family including the
APP homologues APLP-1 (Paliga et al., 1997) and APLP-2
(Slunt et al., 1994), their inhibition is superior to the knockout
of a single APP isoform or the blocking by antisense proce-
dures. The almost complete inhibition of sAPP� release results
in a significant reduction in the proliferation rate in both
keratinocyte and epidermal organ cultures by 50 to 60%. The
high proliferation rates characteristic of psoriatic keratinocytes
are reduced to about the levels of normal keratinocytes
following the inhibition of �-secretase (Fig. 7). Hence, cyto-
kines and other epidermal growth factors synthesized and
released by keratinocytes such as TGF-� (Barrandon and
Green, 1987; Elder et al., 1989) can compensate only partially
for the lack of sAPP�.

Fig. 6. sAPP� as a motogen. Human keratinocytes seeded on glass
surfaces become morphological polarized after stimulation with
recombinant sAPP� (a), which enhances the migration velocity of
keratinocytes to similar levels as EGF does (b).

Fig. 7. APP in psoriatic epidermis and effect of �-secretase inhibition
on keratinocyte proliferation. APP expression in psoriatic epidermis is
not limited to the basal cell layer (identified by co-localization of APP
with laminin-5) as in normal skin (see Fig. 3) but also found in
suprabasal epidermal cell layers (a). Expression of APP in psoriatic
epidermis is significantly higher than in normal epidermis (b). The rates
of proliferation are higher in non-lesional psoriatic keratinocytes
(medium gray) than in normal breast skin keratinocytes (light gray),
but are highest in lesional psoriatic keratinocytes (c). The proliferation
rate is normalized following the inhibition of �-secretase by the
application of Batimastat. This inhibitory effect is compensated in part
by recombinant sAPP�. (Bar, 100 �m)
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The most successful therapies for psoriasis include photo-
chemotherapy (Zanolli, 2003) as well as methotrexate (Hey-
dendael et al., 2003) and immunomodulatory treatment (Asa-
dullah et al., 2002). The observations on �-secretase inhibition
suggest an additional therapeutic approach in the treatment of
psoriasis and other hyperproliferative skin diseases by the local
application of such inhibitors.
Hyperproliferative diseases include also basal cell carcinoma

and it would be of therapeutic significance to know whether
basal cell carcinoma growth is susceptible to the treatment with
hydroxamic acid-based zincmetalloproteinase inhibitors. It has
already been shown for pancreatic cancer cells that APP
undergoes high levels of proteolytic processing and that sAPP�
can be detected in the cell culture supernatant in vitro (Hansel
et al., 2003), and that inhibition of sAPP� activity by a blocking
antibody results in reduced proliferation rates of pancreatic
cancer cells. These data suggest that sAPP� is involved in the
promotion of tumor growth (Hansel et al., 2003).

sAPP� as a mediator of melanocyte function
In whole-mount preparations of isolated human epidermis a
small population of basal cells with a dendritic morphology is
detectable that express exceptionally high levels of APP. In the
epidermis this morphology is known only from Langerhans
cells and melanocytes. By colocalization of APP with tyrosi-
nase, a key enzyme in melanogenesis, and by their distribution
in the epidermis, the dendritic cells were identified as melano-
cytes. In contrast, the immune-competent dendriticLangerhans
cells do not express detectable amounts of APP. In whole-
mount preparations of the epidermis APP can therefore be
used as a marker protein for the immunocytochemical visual-
ization of melanocytes and melanoma cells. More recently
sAPP� has been shown to operate as a potent regulator of
lamellipodia dynamics at the dendritic tips of cultured mela-

nocytes and to trigger the release of melanin particles into the
medium(Quast et al., 2003).Melanocytes constitute only about
3% of all epidermal cells, whereby each melanocyte together
with the corresponding keratinocytes forms the ™epidermal-
melanin unit∫ (Jimbow et al., 1976). Whereas the secretion of
sAPP� may stimulate melanocytes directly by an autocrine
mode, sAPP� derived from keratinocytes may also stimulate
these cells by paracrine mechanisms (Fig. 8).

Future perspectives

Research on the biological roles of sAPP� in the various
epidermal functions will be significantly strengthenedwhen the
receptor for sAPP� and the corresponding signal transduction
pathway become elucidated. Particularly the development of
new strategies for the treatment of hyperproliferative skin
diseases will profit from this knowledge. Furthermore, studies
on the expression of APP and the significance of sAPP� during
embryogenesis are expected to provide new insight in growth of
the periderm and the emerging epidermis (Saathoff et al.,
2004). Recombinant sAPP� has been shown to be a useful
additive to epidermal keratinocyte and melanocyte growth
culture media (Wehner et al., 2004). For this purpose biotech-
nical procedures for the large-scale production of recombinant
sAPP� will become available.
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