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Urokinase-type plasminogen activator (uPA) is a
potent catalyst of extracellular proteolysis, which also
binds to a high-affinity plasma membrane receptor
(uPAR). Binding of uPA may influence pericellular
proteolysis and/or activate intracellular signal trans-
duction. Transgenic mice overexpressing either uPA
or uPAR in basal epidermis and hair follicles had no
detectable cutaneous alterations. In contrast, bi-trans-
genic mice overexpressing both uPA and uPAR,
obtained by crossing the two transgenic lines, devel-
oped extensive alopecia induced by involution of hair
follicles, epidermal thickening and sub-epidermal
blisters. The phenotype was due to uPA -catalytic
activity since combined overexpression of uPAR and
uPAR-binding but catalytically inactive uPA in the
same tissue was not detrimental in another bi-trans-
genic line. It was accompanied by increased plasmin-
generating capacity, up-regulation and activation of
matrix metalloproteinases type-2 and -9, and cleavage
of uPAR. Thus, combined overexpression of uPA and
uPAR acts in synergy to promote pathogenic extracel-
lular proteolysis.
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Introduction

Interactions with their environment provide cells with
critical information for fate specification, migration,
morphogenesis, proliferation, survival and expression of
tissue-specific functions. These interactions mostly in-
volve growth factors, cell surface and extracellular matrix
molecules. Limited proteolytic cleavage or degradation of
these molecules generates rapid and irreversible changes
in the cellular microenvironment that may in turn affect
the structure and function of the tissues. Thus, extra-
cellular proteolysis can play a determining role in
physiological and pathological processes (for a review
see Werb, 1997).

The plasminogen activators (PAs)/plasmin system is
one of the most potent and broadly expressed catalysts of
extracellular proteolysis. PAs can be produced by many
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cell types to convert the widely distributed zymogen
plasminogen to plasmin. Plasmin, in turn, degrades most
extracellular proteins either directly or by activating other
proteases, thus affecting cell-cell and cell-matrix inter-
actions (Vassalli et al., 1991). The two PAs of mammals,
tissue-type PA (tPA) and urokinase-type PA (uPA), are the
products of distinct but related genes with different
patterns of expression and regulation; they share their
major substrate (plasminogen), as well as specific serpin-
class inhibitors (Vassalli et al., 1991). An important
difference between PAs is that uPA, like most serine
proteases, is secreted as a single-chain zymogen (pro-uPA)
with little, if any, plasminogen-activating activity (Husain,
1991), whereas the single-chain form of tPA is catalyt-
ically active (Renatus et al., 1997). Physiologically, tPA is
predominantly responsible for fibrinolysis, while uPA
appears to be involved in pericellular proteolysis required
for cell migration. This functional difference may be due
to the binding of (pro-)uPA to cell surfaces, through
a specific, high-affinity, glycosylphosphatidylinositol-
anchored plasma membrane receptor (UPAR) that binds
the non-catalytic N-terminal region of (pro-)uPA (Vassalli
et al., 1985; Appella et al., 1987). Binding increases the
catalytic efficiency of the secreted proenzyme by enhan-
cing its activation by plasmin or other enzymes (Ellis et al.,
1991; Kobayashi et al., 1993; Reinartz et al., 1993). It also
targets generation of plasmin to the immediate pericellular
space, or to subdomains thereof (Vassalli et al., 1992).
uPAR is a pleiotropic receptor, which can also activate
signal transduction pathways, thus modulating cell attach-
ment and chemotaxis by mechanisms independent of
uPA’s catalytic function (Dear and Medcalf, 1998;
Aguirre Ghiso et al., 1999; Yebra et al., 1999) or
secondary to its uPA- or plasmin-mediated cleavage
(Hoyer-Hansen et al., 1992; Solberg et al., 1994; Fazioli
et al., 1997).

Overall, the role of uPAR appears to be to integrate
different events required for cell migration, such as
focused proteolysis, dynamic cell-substratum interactions,
cytoskeletal reorganization and changes in gene expres-
sion. Expression of uPAR, whether transient or constitu-
tive, is a common feature of migratory cells. uPA can be
synthesized and secreted by migrating cells or acquired
from surrounding tissue, so that expression of uPA and
uPAR is generally coupled when cell migration occurs.
Increasing evidence indicates that binding of uPA to uPAR
is important for proliferation, invasiveness and metastatic
potential of tumours (Crowley et al., 1993; Min et al.,
1996; Blasi, 1997, Alonso et al., 1998; Yebra et al., 1999).

In view of the role of the uPA/uPAR system in
pericellular proteolysis, and the importance of controlled
extracellular proteolysis in tissue homeostasis, it is
important to assess the effects of isolated and combined
perturbations of the enzyme and its receptor in vivo.
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Targeted inactivation of either the uPA or the uPAR gene is
not deleterious per se (Carmeliet et al., 1994; Bugge et al.,
1995). Generation of transgenic mice overexpressing uPA
and/or uPAR in a tissue-specific manner is another
approach to explore the contribution of this system to
disease. We used the promoter of bovine keratin 5 (K5)
gene (Ramirez et al., 1994) to target overexpression of uPA
or uPAR to keratinocytes of basal epidermis and outer root
sheath of hair follicles (HFs). These cells do not normally
express uUPA or uPAR, but are induced to do so during
wound healing (Morioka et al., 1987; Grondahl-Hansen
etal., 1988; Romer et al., 1994). Mice transgenic for either
uPA or uPAR had normal skin. In contrast, bi-transgenic
mice overexpressing both uPA and uPAR had marked
alopecia due to involution of HFs, sub-epidermal detach-
ment and epidermal thickening. Thus, up-regulation of
uPA and uPAR in keratinocytes of basal epidermis and HFs
results in dramatic cutaneous alterations, providing direct
in vivo evidence for a combined role of uPA and uPAR in
extracellular proteolysis and tissue physiopathology.

Results

Expression of transgenes

K5-uPA transgenic mice have been described (Zhou et al.,
1999). K5-uPAxc.c mice expressing a mutated uPA that
lacks the catalytic region of the protein but retains its
uPAR-binding domain and KS5-uPAR mice expressing
entire mouse uPAR were identified by PCR (Figure 1A,
bottom panel). Two lines were established for each
transgene. Since in both cases levels of transgene expres-
sion and the phenotype were similar for the two lines, a
single line per transgene was studied.

By in situ hybridization, uPAR mRNA was detected in
basal epidermis and outer root sheath of HFs in K5-uPAR
mice but not wild-type littermates (Figure 1B). The
presence of functional uPAR in K5-uPAR epidermis was
confirmed by uPA-binding activity of cultured keratino-
cytes (Figure 1C, top panel). The product of the
KS5-uPA ., transgene was secreted by keratinocytes and
could bind to uPAR, as demonstrated by inhibition of uPA
binding to uPAR in the presence of conditioned medium of
KS5-uPA .. keratinocytes (Figure 1C, bottom panel).

Phenotype of transgenic mice
The skin of K5-uPA, K5-uPA ., and K5-uPAR transgenic
mice was indistinguishable from that of wild-type litter-
mates (Figure 2). In contrast, bi-transgenic K5-uPA/uPAR
mice obtained by crossing the two corresponding lines were
consistently recognizable from 3 weeks after birth onwards
by scarce and curly whiskers and a scaly tail (Figure 2).
With time, bi-transgenic mice developed a generalized
alopecia and extensive skin blistering (Figure 2).
Epidermal thickness and structure as well as the density
of HFs were similar in mono-transgenics and wild-type
mice (Figure 3). In these animals, tail HFs were organized
in clusters at regular intervals (Figure 3A). In K5-uPA/
uPAR mice, HFs were involuted (Figure 3B) and,
occasionally, discontinuous and surrounded by lympho-
cytic infiltrate (not shown). These alterations presumably
reduced physical attachment of epidermis to dermis, which
could have contributed to frequent stripping off of the
epidermis when the tail was handled.
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The epidermis of adult mouse back skin consists of 2-3
cell layers. This thickness was seen in mono-transgenic
lines (Figures 3C, 4B and D), but was largely increased in
K5-uPA/uPAR mice (Figures 3D, 4A and C), whose
epidermis sometimes comprised up to 24 cell layers. This
thickening was first detectable in 5- to 6-week-old mice,
and was observed throughout the skin, including in regions
showing no blistering or inflammatory infiltration (not
shown). The nucleated cells in cornified layers indicated
disturbed epidermal differentiation in K5-uPA/uPAR mice
(Figure 3F). Zones of epidermal detachment from sub-
epidermal tissue were also frequently observed in
K5-uPA/uPAR mice (Figures 3G and 4E).

Focal alterations of the dermal—epidermal junction were
observed in K5-uPA and K5-uPA/uPAR transgenic mice.
In these animals, regions displaying an apparently normal
number of hemidesmosomes (Figure 3H) alternated with
regions in which hemidesmosomes were rare or even
completely absent (Figure 3I). These altered regions often
corresponded to sites where basal keratinocytes contained
B-glycogen particles (Figure 3I). Glycogen accumulation
was more frequent and pronounced in KS5-uPA/uPAR
mice. A 26% decrease (p <0.003) of hemidesmosomes
was observed in K5-uPA/uPAR mice (the number of
hemidesmosomes per 100 wm of basal lamina was 21 * 2,
20 £ 1 and 16 = 1 in wild-type, K5-uPA and KS5-uPA/
uPAR mice, respectively). In both K5-uPA and K5-uPA/
uPAR transgenic mice, the density of hemidesmosomes
was reduced by 90% in basal keratinocytes facing regions
of glycogen accumulation. Such regions were more
frequent in K5-uPA/uPAR (13 = 3% of the basal lamina
lined by glycogen) than in K5-uPA animals (3 = 1%).

Keratin 16 (K16), normally confined to HFs, sweat and
sebaceous glands (not shown), was scarce in interfollicular
epidermis of K5-uPA (Figure 4B) and wild-type mice (not
shown). In contrast, it was conspicuous in supra-basal
layers of thickened epidermis in KS5-uPA/uPAR mice
(Figure 4A). Concomitantly, expression of keratin 10 was
decreased (Figure 4C).

In wild-type (not shown), K5-uPA (Figure 4F) and
KS5-uPA/uPAR mice (Figure 4E), laminin-5 was distrib-
uted along basal lamina of normal epidermal regions. In
regions of epidermal detachment, characteristic of
K5-uPA/uPAR mice, laminin-5 was detected along both
sides of the split (Figure 4E). The strong staining suggests
that laminin-5 was not extensively degraded in the bi-
transgenic mice.

The phenotype of bi-transgenic mice depends on
uPA catalytic activity

Binding of uPA to uPAR can activate signal transduction
pathways, and in certain cases it appears independent of
uPA catalytic activity (Dear and Medcalf, 1998). To
determine whether ligand binding is sufficient to generate
the phenotype of K5-uPA/uPAR mice, K5-uPA,.,/uPAR
bi-transgenic mice were obtained by crossing the appro-
priate mono-transgenics. These mice were indistinguish-
able from wild-type and mono-transgenic littermates, both
macro- (Figure 2) and microscopically (data not shown).
Since expression levels of KS5-uPA,., and KS5-uPA
transgenes were similar, as determined by northern blot
analysis of transgenic skin extracts (not shown) and by
immunofluorescence of skin sections (see below Figure 6D
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Fig. 1. (A) Transgene constructs and identification of transgenic mice. Top panel: the transgenes comprised the bovine K5 promoter (K5), a rabbit
B-globin intron (Intron), the full-length mouse uPAR cDNA (for K5-uPAR) or a mouse uPA cDNA lacking the catalytic region of the protein (for
K5-uPA,,) and the rabbit B-globin poly(A) addition signal (PolyA). The start sites of primers used for PCR amplification as well as ATG and stop
sites are indicated. Sall and Kpnl were used to release the constructs for microinjection. Bottom panel: the PCR products from two founders carrying
the indicated transgene (TG) and two wild-type (WT) littermates were resolved in a 1% agarose gel and visualized by ethidium bromide staining.
The sizes of the amplified fragments are 559 bp for K5-uPAR and 508 bp for K5-uPA,.,.. The 506 bp band of a 1 kb DNA ladder is indicated as a
reference. (B) In situ hybridization of uPAR mRNA. Cryosections of adult dorsal skin were hybridized with digoxigenin-labelled antisense uPAR
cRNA. uPAR mRNA (brown) was present in basal keratinocytes of interfollicular epidermis and outer root sheath of HFs (arrows) in K5-uPAR but
not in wild-type mice. Bar = 100 um. (C) Analysis of uPAR and uPA,, expression. Top panel: cultured keratinocytes from K5-uPAR and wild-type
mice were incubated with (+) or without () exogenous mouse uPA, and the presence of cell-bound uPA was analysed by zymography. K5-uPAR
keratinocytes bound endogenous (-) and added (+) uPA. Wild-type keratinocytes expressed little uPAR and bound only traces of endogenous (-) and
added (+) uPA. Bottom panel: fibroblasts of uPA~~ mice were pre-incubated in the presence of conditioned medium from cultures of K5-uPA,., or
wild-type keratinocytes, and then exposed to exogenous mouse uPA. The presence of cell-bound uPA was analysed by zymography. Pre-incubation

with K5-uPA., medium abolished the binding of uPA.

and E), and since uPAj, protein did bind to uPAR
(Figure 1C), the normal phenotype of K5-uPA,.,/uPAR
mice indicates that uPAR ligation was not sufficient to
cause the phenotype of K5-uPA/uPAR mice. Thus, uPA
catalytic activity was required for this phenotype.

The tissue distribution of uPA is affected by uPAR
The observations summarized above suggest that co-
expression of uPAR may affect the production, accumu-
lation or distribution of uPA in the targeted tissue. To
explore this possibility, skin samples were dissected from
2-week-old mice, i.e. at a time when epidermal thickening
was not yet manifest in K5-uPA/uPAR mice. While levels
of uPA mRNA were similar in K5-uPA and K5-uPA/uPAR
mice (Figure 5A), plasminogen-dependent in situ proteo-
lytic activity was much higher in K5-uPA/uPAR skin

(Figure 5B). Analysis of uPA content revealed a great
accumulation of uPA in K5-uPA/uPAR skin (Figure 5C, 1).
In cultures of keratinocytes, uPA was released in medium
in K5-uPA, whereas it was mostly bound to cells in
K5-uPA/uPAR (Figure 5C, 2 and 3). Taken together, these
data demonstrate that co-expressed uPAR concentrates
uPA in the local microenvironment by trapping the enzyme
on the cell surface.

The fate of uPAR is affected by uPA

In K5-uPA/uPAR mice, regions of epidermis detachment
were restricted to the junction with dermis, suggesting a
localized distribution of uPAR and/or uPA activity. In
K5-uPAR, K5-uPA/uPAR and K5-uPA,.,/uPAR mice,
uPAR had a pericellular distribution throughout the
epidermis except for the cornified layers (Figure 6A—C).
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Fig. 2. Bi-transgenic mice show an altered phenotype. Top panel: at 4 weeks of age, K5-uPA/uPAR bi-transgenics had decreased numbers of and
irregularly oriented vibrissae in whisker pads, and their tails were scaly and blistered (arrows), as compared with mice of all other genotypes. A
K5-uPA mouse is shown for comparison. Bottom panel: at 8 weeks of age, K5-uPA/uPAR mice had a generalized alopecia and numerous blisters,
particularly in regions subject to friction (around the neck in the mouse presented). Mice of all other genotypes were indistinguishable from wild

types.

Fig. 3. Epidermis structure is altered in bi-transgenic mice. (A-G) Haematoxylin—eosin-stained paraffin sections. (A and B) Longitudinal tail sections
showing the wavy structure of the epidermis and clusters of HFs (arrows) in KS5-uPA mice (A), and the flattened epidermis with few HFs (arrows) in
K5-uPA/uPAR bi-transgenics (B). Three regressing HFs are indicated (asterisks). Note that epidermal thickness was comparable between these two
animals, which were analysed at 4 weeks of age. (C and D) In adult back skin, the epidermis had a normal thickness of about three cell layers in
K5-uPA mice (C), but was markedly thicker in K5-uPA/uPAR bi-transgenic mice (D). (E and F) The cornified layer was devoid of nuclei in K5-uPA
mice (E) but not in K5-uPA/uPAR bi-transgenics (F). (G) A blister with loss of epidermis in a KS-uPA/uPAR bi-transgenic mouse. (H and I) Electron
micrographs of the dermal-epidermal junction. Hemidesmosomes (arrows) are frequent along the basal epidermal lamina of a K5-uPA mouse (H) but
not along that (indicated by the dashed line) of a K5-uPA/uPAR mouse (I). Abundant glycogen deposits (asterisk) fill the cytoplasm of a basal
keratinocyte. Bars = 1000 (A, B, G), 40 (C, D), 25 (E, F) and 2.5 (H, I) um.
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Fig. 4. Keratin expression and basal lamina are altered in bi-transgenic mice. (A-D) Immunohistochemical staining of keratin-16 (A and B) and
keratin-10 (C and D) on paraffin sections of KS5-uPA/uPAR bi-transgenic mice (A and C) and K5-uPA transgenic mice (B and D). In bi-transgenic
mice, the labelling for keratin-16 was increased (A), while that for keratin-10 (C) was decreased. (E and F) Indirect immunofluorescence of laminin-5
on cryosections of adult tail. The glycoprotein outlines the basal lamina in K5-uPA (F) and K5-uPA/uPAR mice (E). In the latter animals, at sites of
epidermal detachment, laminin-5 distributes on both sides of the split (double-headed arrow). Bar = 100 um.

In contrast, uPA was present almost exclusively in the
basal and peribasal layer of epidermis in KS5-uPA
(Figure 6F) and K5-uPA/uPAR (Figure 6D) mice, respect-
ively, and was clearly more abundant in the bi-transgenics.
uPA .. Was also recognized by anti-uPA antibody and it
was detected throughout all but cornified layers
(Figure 6E), as was uPAR in KS5-uPA,.,/uPAR mice
(Figure 6B). Thus, while the distribution patterns of uPAR
and its ligand were similar in K5-uPAs.,/uPAR mice, they
were different in K5-uPA/uPAR mice.

To assess whether this difference could result from a
proteolytic cleavage of the ligand-binding domain of
uPAR, an event that can take place in the presence of
catalytically active uPA (Hoyer-Hansen er al., 1992;
Solberg et al., 1994), we analysed uPAR by western
blotting (Figure 6G). In skin extract, uPAR was intact in
K5-uPA .. /uPAR mice, while its ligand-binding domain
was cleaved off in K5-uPA/uPAR mice. Analysis of shed
receptor (Figure 6G, lanes 4 and 5) in culture medium
revealed a similar result. Collectively, these results
indicate that uPAR was cleaved in K5-uPA/uPAR mice
and this uPA-mediated cleavage can help delimit the
region of maximal proteolysis.

MMPs are increased in K5-uPA/uPAR bi-
transgenics

The PA/plasmin cascade can activate other extracellular
proteolytic systems such as matrix metalloproteinases

(MMPs) (Lijnen et al., 1998). Thus, increased uPA-
catalysed proteolysis in K5-uPA/uPAR mice could result
in an up-regulation of MMP activity. MMP-2 and MMP-9
in skin extracts were assayed. MMP-2 activity was similar
in all genotypes, whereas MMP-9 activity was signifi-
cantly elevated in K5-uPA/uPAR mice (Figure 7A).
Remarkably, the active forms of both enzymes were
increased in K5-uPA/uPAR bi-transgenics (Figure 7A).
Also, the abundance of MMP-2 mRNA was comparable in
all mice, while that of MMP-9 mRNA was significantly
elevated in K5-uPA/uPAR mice (Figure 7B), indicating
that co-expression of uPA and uPAR induced MMP-9
expression.

Discussion

The aim of the present work was to examine a possible
pathogenic effect of increased uPA-catalysed proteolysis
in tissues. To this end, we have generated transgenic
mouse lines overexpressing uPA, uPAR or both in basal
epidermis and outer root sheath of HFs. The epidermis and
HFs were affected only when both transgenes were co-
expressed, demonstrating that uPA and uPAR act in
synergy to yield pathogenic, localized extracellular
proteolysis. Thus, our observations have relevance to
both the pathogenesis of disorders of the epidermis and the
control of extracellular proteolysis in general.
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Fig. 5. Concomitant expression of uPAR increases cell binding of uPA.
(A) Northern blot of total skin RNA prepared from 2-week-old mice.
Levels of uPA mRNA were similar in K5-uPA/uPAR and K5-uPA
transgenic mice. uPA mRNA was not detectable in K5-uPAR and wild-
type mice. (B) In situ zymography of cryosectioned tail in the presence
(Plgn+) or absence (Plgn—) of plasminogen in the indicator gel. In the
presence of plasminogen, proteolysis (black regions indicated by
arrowheads in these dark-field views) was evident in both K5-uPA/
uPAR and K5-uPA skin. Concomitant expression of uPAR and

uPA (K5-uPA/uPAR) yielded higher levels of plasmin activity.

(C) Zymography after SDS-PAGE. (1) In skin extracts, uPA activity
was higher in samples of K5-uPA/uPAR bi-transgenics than of K5-uPA
mice. No activity was detected in K5-uPAR and wild-type mice; (2) in
keratinocyte-conditioned medium, uPA activity was higher in samples
of K5-uPA than of K5-uPA/uPAR mice, and was not detectable in
samples of K5-uPAR and wild-type mice; (3) keratinocyte-bound uPA
activity was higher in samples of K5-uPA/uPAR than of K5-uPA mice.
It was merely detectable in samples of K5-uPAR mice and not
detectable in samples of wild-type mice.

The protease—antiprotease balance in the extracellular
milieu is a critical determinant for the maintenance and
plasticity of tissue architecture. It is, therefore, important
to unravel mechanisms that are involved in controlling this
balance in vivo. The striking increase in plasminogen-
dependent proteolysis in K5-uPA/uPAR epidermis, as
compared with that observed under conditions leading
only to uPA overexpression, was not due to an effect of
uPAR on uPA production itself, but to an accumulation of
uPA in the epidermis. This synergy between uPA and
uPAR on plasmin-generating capacity may have quanti-
tative and qualitative features. Quantitatively, uPAR
concentrates (pro-)uPA on the cell surface, and thereby
increases uPA-mediated proteolysis in the microenviron-
ment of plasma membrane. Activation of (pro-)uPA, by
plasmin or other enzymes, proceeds more efficiently when
receptor bound (Ellis et al., 1991; Reinartz et al., 1993).
Plasminogen binds to the basal epidermis (Isseroff and
Rifkin, 1983; Burge et al., 1992), and receptor-bound uPA
may be a better activator of cell-associated plasminogen.
uPA also cleaves uPAR (Hoyer-Hansen et al., 1992;
Solberg et al., 1994; Fazioli et al., 1997), the 72 kDa
type IV pro-collagenase (Keski-Oja et al., 1992), fibro-
nectin (Quigley et al., 1987) and pro-hepatocyte growth
factor (Naldini et al., 1992); when concentrated by binding
to uPAR, uPA may be more efficient in cleaving these and/
or other substrates. Accordingly, the cleavage of uPAR to

4822

(KD)

Fig. 6. uPA distribution and uPAR integrity are altered in bi-transgenic
mice. Indirect immunofluorescence of uPAR (A-C) and uPA (D-F) on
cryosections of adult tail. uPAR was detected in all but the cornified
layers of the epidermis of K5-uPA/uPAR (A), K5-uPAx../uPAR (B)
and K5-uPAR (C) transgenic mice. Anti-uPA staining was detected
predominantly in the basal and parabasal layers of K5-uPA/uPAR (D)
and K5-uPA epidermis (F). In K5-uPA.,/uPAR mice (E), anti-uPA
staining was seen throughout all layers, except those fully cornified.
The intensity of anti-uPA staining was higher in the K5-uPA/uPAR (D)
than in the K5-uPA mice (F). No staining was seen in uPAR- and uPA-
deficient mice, which were used as negative controls (not shown).

Bar = 62.5 um. (G) Western blot of uPAR. Lanes 1-3: skin extracts of
uPAR-deficient (1), K5-uPAx../uPAR (2) and K5-uPA/uPAR mice (3).
Lanes 4 and 5: conditioned medium of cultured keratinocytes of
K5-uPAR (4) and K5-uPA/uPAR mice (5). In samples of K5-uPA/
uPAR bi-transgenics, uPAR was cleaved both in vivo (3) and in vitro
(5). The upper and lower arrows indicate the intact and cleaved forms
of uPAR in the skin of K5-uPA,.,/uPAR and K5-uPA/uPAR mice,
respectively. The corresponding forms found in culture media had a
slightly higher mobility, being shed from the cell surface. No signal
was detected in tissue from a uPAR-deficient mouse (1). Molecular
weight markers are indicated on the right.

its domain 1-deleted form, which can be achieved by uPA
(Hoyer-Hansen et al., 1992; Solberg et al., 1994), was
observed only in KS5-uPA/uPAR bi-transgenics; this
cleavage can activate signal transduction pathways
(Resnati et al., 1996) and might thus have influenced
keratinocyte differentiation. Qualitatively, pericellular
proteolysis mediated by uPAR-bound and secreted uPA
may have distinct features. While soluble plasmin is
readily inhibited by a:2-antiplasmin and o2-macroglobulin
(Collen, 1980), cell-associated plasmin is not (Plow et al.,
1986; Anonick and Gonias, 1991). In addition to cleaving
extracellular substrates directly, plasmin can also activate
pro-MMPs to MMPs. The zymogen forms of MMP-2 and
MMP-9 are degraded by plasmin in soluble phase but
activated when bound to the cell surface (Mazzieri et al.,
1997). In our experiments, the active forms of these
proteinases were detected only when uPA and uPAR were
co-expressed. Since a deficiency in MMP-9 renders mice
resistant to blistering (Liu et al., 1998), the up-regulation
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Fig. 7. MMPs are up-regulated and activated in K5-uPA/uPAR mice.
(A) SDS-PAGE zymography of gelatin-degrading MMPs in skin
extracts. Pro-MMP-2 (gelatinase A, 72 kDa) levels were similar in

all samples, while Pro-MMP-9 (gelatinase B, 92 kDa) levels were
selectively increased in KS-uPA/uPAR double transgenics. The in vivo-
activated forms (arrowheads) of both MMP-2 and MMP-9 were most
abundant in K5-uPA/uPAR extracts. (B) Northern blot analysis of
MMP-2 and MMP-9 mRNA in tail skin. Levels of MMP-2 mRNA
were similar in all samples, while those of MMP-9 mRNA were
selectively increased in KS-uPA/uPAR bi-transgenics. As a control for
RNA loading, methylene blue-stained 18S RNA is shown in the bottom
panel.

and activation of MMP-9 could be involved in the
epidermal detachment seen in K5-uPA/uPAR mice.

Cell-associated proteolytic cascades are thus favoured
by uPAR, and both quantitative and qualitative aspects of
the uPA—uPAR synergy could have played a part in the
phenotype of K5-uPA/uPAR mice. Together with the
active forms of MMP-2 and MMP-9, the increased levels
of plasmin may have impaired attachment of keratinocytes
to basal lamina, as suggested by the reduced number of
hemidesmosomes and focal ruptures of basal lamina
observed in these animals.

Murine keratinocytes do not produce uPA (Zhou et al.,
1999) or uPAR in normal epidermis. During wound
healing and under conditions leading to cell migration and
proliferation, both proteins are induced in basal keratino-
cytes (Morioka et al., 1987; Grondahl-Hansen et al., 1988;
Romer et al., 1994). Thus, our bi-transgenic model
imposes changes that help elucidate the role of uPA and
uPAR in the epidermal response to injury. The epidermal
thickening and up-regulation of K16 and MMP expression
in K5-uPA/uPAR mice are also found in wounded tissue
(Saarialho-Kere et al., 1995; McGowan and Coulombe,
1998), suggesting that induction of uPA and uPAR
mediates some of the changes that are elicited by tissue
injury. The observation that keratinocyte proliferation is
decreased in uPA-deficient newborn mice (Jensen and
Lavker, 1999) is consistent with the view that uPA-
mediated proteolysis contributes to the Kkeratinocyte
response to an epidermal injury.

The involution of HFs in K5-uPA/uPAR mice may be
relevant to certain forms of baldness. Although data
concerning a possible increase in uPA or uPAR in such
circumstances are not available, our observations in the bi-
transgenic mice show that the PA/plasmin system can
disrupt HFs and/or impair their cyclic growth either
directly or by up-regulating the active forms of cytokines.
Plasmin activates the latent form of transforming growth

Synergic effect between uPA and uPAR

factor-B (TGF-B) (Lyons et al., 1990) and TGF-B is
implicated in HF cycling (Paus et al., 1997); in particular,
transgenic mice overexpressing active TGF-3 have fewer
HFs (Sellheyer et al., 1993). Since TGF-B stabilizes
MMP-9 mRNA (Sehgal and Thompson, 1999), the
increase in MMP-9 mRNA in K5-uPA/uPAR skin may
have resulted from increased availability of active TGF-f.

The epidermal thickening, parakeratosis, up-regulation
of keratin 16 expression and accumulation of glycogen in
basal keratinocytes observed in K5-uPA/uPAR mice are
also characteristic features of psoriasis (Harmon and
Phizackerley, 1984; Leigh er al., 1995). The data thus
point to a contribution of increased PA in this disease.
Interestingly, psoriatic skin has increased PA expression;
however, it is tPA, rather than uPA, that is up-regulated in
the involved skin (Jensen et al., 1990). In contrast to
pro-uPA, single-chain tPA has catalytic activity (Renatus
et al., 1997) and binds to components of the extracellular
matrix (Andrade-Gordon and Strickland, 1986), which
presumably limit its diffusion. Thus, increased production
of tPA may result in keratinocyte changes that can also be
achieved by co-expression of (pro-)uPA and uPAR.

The sub-epidermal blisters of K5-uPA/uPAR mice are
reminiscent of pemphigoid lesions, in which proteases,
such as MMP-2, MMP-9 and uPA, and uPAR are up-
regulated (Oikarinen et al., 1993; Saarialho-Kere et al.,
1995). In pemphigus also, there is an increase in uPAR and
cell-associated uPA in keratinocytes (Hashimoto et al.,
1983; Seishima et al., 1997), and plasmin has been
implicated in the destructive proteolysis of this auto-
immune disease (Morioka et al., 1987). The different
levels at which lesions develop, i.e. sub-epidermal in
K5-uPA/uPAR bi-transgenics and pemphigoid lesions or
intra-epidermal in pemphigus, could reflect where uPAR
and uPA are induced. Up-regulation of uPA and/or uPAR
may thus be a mediator in various autoimmune blistering
diseases, and additional specific features determine the
precise level of blister formation.

Although K5 promoter-driven transcription starts from
embryonic life (Ramirez et al., 1994), the phenotype of
K5-uPA/uPAR bi-transgenics was not manifest before
3 weeks of age. This delay suggests that the transgene-
induced alterations were triggered or accelerated by the
cycling of HFs, which starts 3 weeks after birth and
involves proteolytic events (Paus ef al., 1994) that could
synergize with uPA-catalysed proteolysis to generate
phenotypic changes. This situation is reminiscent of
abnormal tooth development in K5-uPA transgenics in
which, in spite of a high expression of transgene-encoded
uPA in the early enamel epithelium, destructive proteo-
lysis was observed only later, when other proteolytic
mechanisms were activated (Zhou et al., 1999). Thus,
uPA-triggered changes in skin and other tissues may be
modulated by other aspects of the life cycle of the organ.
For instance, while the enzyme is involved in the
migration of keratinocytes during wound healing
(Morioka et al., 1987; Grondahl-Hansen et al., 1988;
Romer et al., 1994), and in cellular invasiveness in
malignant tumours (Alonso et al., 1998; Dano et al., 1999;
Duffy et al., 1999), migration of basal keratinocytes across
the basement membrane was not observed in the bi-
transgenics, indicating that overexpression of uPA and
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uPAR does not suffice to endow the cells with a migratory
or invasive phenotype.

In summary, overexpression of uPA-catalysed proteo-
lysis triggers marked tissue alterations that are reminiscent
of clinical conditions. A synergy between uPA and uPAR
is critical for reaching pathogenic levels of localized
extracellular proteolysis, thus underlining the role of the
uPAR in this process. Hence, one approach to decrease
tissue proteolysis and its pathological consequences, in
skin disorders as well as in other diseases, may be to
prevent the binding of (pro-)uPA to uPAR. This could
perhaps be achieved by small competitive antagonists. The
K5-uPA/uPAR bi-transgenic mice provide a unique in vivo
model to evaluate such a strategy.

Materials and methods

Transgenic mice

The K5-uPAj., plasmid was constructed from K5-uPA (Zhou et al.,
1999) by deleting an Accl-Accl fragment covering the catalytic domain
of uPA. The K5-uPAR plasmid was constructed by adding the K5
promoter from K5-uPA (Kpnl-Notl fragment) to a B-globin-uPAR
construct, generated by substituting uPA of a [-globin—uPA plasmid
(Zhou et al., 1999) with a full-length mouse uPAR c¢cDNA (Xbal-Clal)
from MMUPARI1 (a gift from Dr K.Dano, The Finsen Laboratory,
Denmark). The final plasmids were cut with Kpnl and Sall, and the
fragments containing the constructs (Figure 1A, top panel) were purified
for pronuclear injection of fertilized CBAJ/Black 6 F; eggs. Bi-transgenic
mice (K5-uPA/uPAR and K5-uPA,.,/uPAR) were generated by crossing
F, mice of the corresponding lines.

Genotyping

K5-uPA . mice were screened using primers GLO and uPA (Zhou et al.,
1999). K5-uPAR mice were screened using primers GLO and uPAR
(5’-3": GTGGCGCACACGGTCTCTGTCAGG). PCR conditions: 3 min
at 95°C, then 35 cycles at 95, 68 and 72°C, each step lasting 50 s.
Reaction products (10 pl) were resolved on 1% agarose gels and
visualized by ethidium bromide staining.

Histology

Back and tail skin from adult mice was fixed in 4% paraformaldehyde and
processed for paraffin sections. For cryosections, biopsies were snap-
frozen in liquid nitrogen and 10 pum sections were mounted on polylysine-
coated slides.

In situ hybridization

The construct containing full-length uPAR cDNA was linearized with
Xbal or EcoRV and transcribed with a digoxigenin labelling kit
(Boehringer Mannheim) to generate sense or antisense RNA probes.
Processing of cryosections, hybridization and detection were as described
(Komminoth, 1996).

Keratinocyte cultures

Neonatal mice were killed with ethrane, immersed in 70% ethanol for
5 min and rinsed in phosphate-buffered saline (PBS). Tails were cut for
genotyping. Whole back skin was dissected and digested overnight at 4°C
with dispase II (Boehringer) containing 10% fetal calf serum (FCS). The
epidermis was stripped off, rinsed in calcium-free PBS and digested at
37°Cin 0.3% trypsin with 1 mM EDTA for 10 min. After addition of 10%
FCS, the epidermis was gently shaken and the released cells passed
through a filter (Cell Strainer, Falcon, 70 um), washed twice with culture
medium (see below) and seeded in FCS-coated (2 h at 37°C) six-well
plates (1 ml of medium/well). Cells from individual mice were used to
prepare three wells. Culture medium was a 1:1 mixture of Defined
keratinocyte-serum-free medium and Ca?*-free Dulbecco’s modified
Eagle’s medium (100 mg/l glucose), supplemented with growth factors
(100 pl/50 ml; Gibco-BRL). Cells were maintained in the presence of
10% FCS (Ca?* chelated) for the first 24 h and then shifted to serum-free
culture medium. Medium was changed every 24 h and collected when
cultures reached 60% confluence.
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Confluent keratinocyte cultures from K5-uPAR and wild-type mice were
exposed to 1 ml of fresh culture medium supplemented with 100 pl of
murine uPA-containing medium (Zhou and Vassalli, 1997) and incubated
for 45 min. Cells were washed extensively in calcium-free PBS and lysed
in 500 ul of 1X SDS-PAGE sample buffer. After centrifugation
(15 000 r.p.m. for 10 min at 4°C), supernatant (50 ul) was analysed by
zymography (Vassalli et al., 1984).

Fibroblasts from uPA-deficient mice were prepared as a source of free
uPAR (Zhou and Vassalli, 1997). Cells at 20% confluency were washed
twice with PBS and incubated in 1 ml of keratinocyte-conditioned
medium from K5-uPAj., or wild-type mice. After 30 min, 100 ul of
murine uPA-containing medium (Zhou and Vassalli, 1997) were added
and the cultures incubated for 30 min. After extensive washing in PBS,
the cells were lysed in 500 pl of 1 X SDS-PAGE loading buffer and cell-
associated uPA was analysed by zymography.

uPA in keratinocyte cultures

Keratinocytes at 60% confluence were fed with fresh culture medium and
incubated for 12 h. Medium was collected for analysis of secreted uPA.
Cells were washed twice with calcium-free PBS and incubated for 1 min
in 500 pl of acidic buffer (100 mM glycine pH 3.0, 150 mM NaCl) to
release uPAR-bound uPA. The buffer was centrifuged and analysed by
zymography.

uPA and MIMP activity

Three biopsy-punched (8 mm diameter) pieces of shaved dorsal skin from
2-week-old mice were homogenized in 1.5 ml of ice-cold buffer [100 mM
Tris pH 8.0, 100 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF)
and 1 mM EDTA]. The homogenate was centrifuged and 30 pl of the
supernatant were subjected to zymographic analysis for uPA (Vassalli
et al., 1984) or MMP activity (Oliver et al., 1997). In situ zymography for
uPA was performed as described (Sappino et al., 1991) using tail
cryosections with or without plasminogen in the indicator gel.

Northern blots

Total RNA (10 pg) extracted from tail skin was analysed by routine
procedures using 3?P-labelled antisense RNA transcribed from linearized
plasmids containing mouse uPA (PstI-HindIll, 648 bp), mouse MMP-2
(Haelll-Haelll, 334 bp) and mouse MMP-9 (Small-EcoRI, 323 bp)
cDNAs.

Immunostaining

Rabbit anti-mouse uPAR or uPA antibody (provided by Dr Hoyer-
Hansen, The Finsen Laboratory, Denmark) was used at 20 ptg/ml. Rabbit
anti-laminin-5 polyclonal antibody (provided by Dr Burgeson, Cutaneous
Biology Center, Harvard Medical School) was used at 1:200 dilution.
Mouse monoclonal anti-keratin 10 or anti-keratin 16 antibody (Sigma)
was used at 1:400 dilution. uPAR, uPA and laminin-5 were detected by
immunofluorescence in the presence of Evans blue counterstaining. Other
antigens were detected on paraffin sections by the peroxidase ABC
method (Vectastain) using 3,3’-diaminobenzidine and H,O, as chromo-
gen in the presence of 0.1% NiCl,.

Ultrastructural analysis

Skin fragments were processed for electron microscopy. Thin sections
were examined in a Philips EM 300 microscope. Basal lamina (total
length 5168, 6950 and 8762 mm) and hemidesmosomes (total number
1004, 1520 and 1395) from 47, 74 and 85 dermal—epidermal regions were
scored in wild-type, K5-uPA and KS5-uPA/uPAR transgenic mice,
respectively. Statistical analysis was carried out using either ANOVA
or a r-test for independent samples (SPSS Inc., Chicago, IL).

Western blot of uPAR

Approximately 80 mg of tail skin were powdered in liquid nitrogen and
extracted in 1 ml of buffer (100 mM Tris pH 8.1, 10 mM EDTA, 1 mM
PMSF, 10 pg/ml aprotinin, 1X cocktail of protease inhibitors, 1% Triton
X-114). The extract was centrifuged (5000 r.p.m. for 5 min) and the
supernatant was incubated at 37°C for 10 min and centrifuged (5000 r.p.m.
for 10 min at 20°C). The detergent phase containing uPAR was mixed
with 750 ul of extraction buffer. After adding 250 ul of 4X SDS-PAGE
sample buffer and boiling (5 min), 100 pl of the mixture were resolved on
12% non-reducing SDS-PAGE and the proteins were blotted onto
nitrocellulose (Protran). The blot was probed with rabbit anti-uPAR



antibody (4.6 1g/ml) and the antigen was revealed by peroxidase-based
ECL (Amersham/Pharmacia) using the standard ABC method
(Vectastain). In parallel, 50 pl of 30-fold concentrated keratinocyte-
conditioned medium were analysed.
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