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Abstract In stratified squamous epithelia a critical balytroduction
ance among cell proliferation, differentiation, and deatpu

must be maintained in order for these tissues to fulf@tratified squamous epithelia are self-renewing tissues
their barrier function. Previous studies have demonstrapnsisting of multiple layers of keratinocytes that line
ed that plasminogen activator inhibitor 2 (PAI-2) is body surfaces and are designed to protect the organism
product of differentiating epidermal keratinocytes, sufrom physical, chemical or microbial perturbations. To
gesting a role for this inhibitor during squamous diffefulfill their vital barrier function, stratified squamous
entiation. Furthermore, in certain tumor cell lines, ovegpithelia must maintain a dynamic balance among prolif-
expression of PAI-2 confers resistance to the inductieration, terminal differentiation, and death. The prolifer-
of programmed cell death, suggesting cytoprotectiggive keratinocyte population is located primarily in the
function(s). In the present study we demonstrate thgisal layer residing along the basement membrane; the
PAI-2 mRNA and protein are constitutively and unique&uperficial layers are comprised of postmitotic, increas-
ly expressed in differentiating cells of murine stratifieghgly differentiated cells. Terminal differentiation culmi-
squamous epithelia, including epidermis, esophagus, Mates with the death of the keratinocyte and its conver-
gina, oral mucosa, and tongue. PAI-2 immunohistgion into a keratin filament—matrix complex encased by a
chemical localization patterns suggest a predominanttyckened proteinaceous membrane formed via the cross-
cytosolic distribution, consistent with biochemical ideninking action of transglutaminase. These terminally dif-
tification of the major PAI-2 species as a 43-kDa, preerentiated cells, which are continuously shed from the
sumably non-glycosylated protein. Functional analysapithelial surface, constitute a central aspect of the pro-
shows that the majority of epithelial PAI-2 is active. Irective function of stratified squamous epithelia (Green
contrast to the high levels of PAI-2 expression in strati977, 1980; Eckert and Rorke 1989).

fied squamous epithelia, little or no PAI-2 is detectable Terminal differentiation in stratified squamous epithe-
in simple epithelia. These findings suggest that epithgr may be thought of as a high specialized form of
lial PAI-2 may mediate inhibition of intracellular proprogrammed cell death, in which the postmitotic kerati-
teinases associated with events during terminal differgrocyte must follow an elaborate series of changes in
tiation and death that are unique to stratified squamayshe and protein expression prior to nuclear disintegra-
epithelia. tion, protein cross-linking, and death (Fesus et al. 1991;
Gavrieli et al. 1992; Polakowska and Haake 1994; Tam-
ada et al. 1994; Metcalfe and Streuli 1997). Intracellular
proteinases have been implicated both in programmed
cell death and terminal differentiation. An increasingly
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and tissues. One such proteinase inhibitor, which Wwave led to the hypothesis that PAI-2 may exert cytopro-
have previously suggested may be involved in the regulective functions, independent of uPA inhibition, in a va-
tion of keratinocyte differentiation, is plasminogen actiiety of cell types.
vator inhibitor type 2 (PAI-2; Lyons-Giordano etal. We have previously postulated that such a cytoprotec-
1994; Jensen et al. 1995; Wang and Jensen 1998). Atie function of PAI-2 may extend to normal epidermis.
cent survey of mouse organs revealed that the higHesthuman epidermis, PAI-2 mRNA and protein have
level of this inhibitor is in epidermal keratinocytes (Kawbeen localized predominantly to superficial layers
ata etal. 1996), consistent with the observations tifdibino et al. 1988; Lyons-Giordano etal. 1994), indi-
PAI-2 mRNA, antigen, and activity are readily detectab&ating that PAI-2 is a product of differentiated keratino-
in human epidermis in vivo (Hibino et al. 1988; Lyonszytes. Consistent with these in vivo data, more differenti-
Giordano et al. 1994). ated keratinocyte cultures have relatively greater levels
As a type ofseline proteinasdnhibitor (serpin), PAI-2 of PAI-2 (Wang and Jensen 1998). Thus PAI-2 is appro-
is unusual in that it lacks a hydrophobic signal sequerpgrétely placed to protect differentiating epidermal kera-
and thus a significant fraction is retained within the cyttinocytes from premature action of cytoplasmic protein-
plasm (Ye et al. 1988; Belin et al. 1989). PAI-2 is founakes that may contribute to their terminal differentiation,
in two forms, non-glycosylated and glycosylated. ldissolution, and eventual death. To consider this hypoth-
macrophages, the latter is found in the conditioned meelsis further, we have characterized PAI-2 using biochem-
um (Wohlwend et al. 1987a, b) but in cultured human kieal, immunohistochemical, and/or in situ hybridization
ratinocytes both forms remain cell associated (Wang agproaches in a variety of murine epithelia. We reasoned
Jensen 1998). Only very few other proteins (e.g., ye#sit determination and comparison of PAI-2 expression
invertase, mammalian gelsolin) have been found simulpetterns and properties within different types of epithelia
neously in cytoplasmic and secreted forms (Belin etalould suggest the physiological circumstances under
1989). The simultaneous presence of cytosolic and s#vch PAI-2 normally functions. Our data indicate that
creted PAI-2 suggests potentially distinct functions &Al-2 is uniquely expressed by stratified squamous epi-
the two forms. thelia, in which its properties are consistent with a pro-
As reflected by its name, the only known proteolytiective role during terminal differentiation.
enzyme targets for PAI-2 are urokinase-type plasmino-
gen activator (UPA) and tissue-type plasminogen activa-
tor (tPA) (Andreasen et al. 1990; Kruithof et al. 1995Materials and methods
Both PAs convert plasminogen to its active form, plas-
min, which acts in the extracellular space to cleaveMige
”Um'_oer of substrates, mCIUdmg fibrin, other eXtraceHUIa r immunohistochemical staining and in situ hybridization, skin
matrix molecules, and procollagenase (Dang et al. 1985gpsies were collected from C57BL/6, C57BL/6 — 129 hybrid,
There is good evidence to support the involvement of the Sencar strains at different ages of life. Our results showed no
PA cascade in numerous physiological and path0|ogi§5|pin-aelfated_diffelrencias in F;A"Z. deXprels'SiO“ patterns. Bio%hemia
processes, e.g., vascular patency, cell migration, |nfl%?@i-nzncsggft/'grr‘%cgf",\iﬂ?’csésw(;r:%'uﬁlr;?l?ze%"};igg were conducte
mation, neuronal degeneration, and tumor invasion
(Carmeliet and Collen 1995; Rgmer et al. 1996; Andrea-
sen et al. 1997; Tsirka et al. 1997). Although most of tfiigsue preparation

act|0n§ of UPA and tPA are mediated via cleavage é?Iin biopsies were collected from the nape of the neck unless
plasminogen, other substrates have been proposed (§pgeified otherwise. Tissues for immunohistochemical staining
hepatocyte growth factor, fibronectin; Quigley et ahnd in situ hybridization were fixed overnight in 4% paraformal-
1987; Naldini etal. 1992; Mars et al. 1993); howevetehyde/Dulbecco’s phosphate-buffered saline (PBS; Life Technol-
consistent with the fact that the PAs are secreted g‘i_es, Grand Island, N.Y., USA), incubated in 80% ethanol for 24

. and paraffin embedded. Sections (5 um) were prepared on Su-
zymes, their proposed sut_)strates are all eXtrace”l;'Err'frost Plus glass slides (Fisher Scientific, Pittsburg, PA., USA).
The secreted form of PAI-2 is likely to regulate PA activ-
ity, particularly uPA, which it inhibits more efficiently _ _ o
than tPA (Andreasen et al. 1990). However, given that®nunohistochemical staining
substantial fraction of PAI-2 remains in the cytosol @fjycional antiserum against mouse PAI-2 was prepared in rabbit
cells synthesizing this inhibitor, the possibility of a plagy injection with a mouse PAI-2:GST fusion protein that had been
minogen activator-independent, intracellular role appeatsgified from inclusion bodies by 8-M urea extraction and gluta-
reasonable. Several studies have indeed provided gv%ne—Sepharose chromatography. The antiserum was adsorbed

. - - f with sham-transfected bacterial lysates to remove any cross-reac-
dence for this point of view. Overexpression of PAI-2 ifyiv, "ith either bacterial or GST antigens. Rabbit anti-mouse

the cytoplasm of fibrosarcoma or epithelial cell lines haa-2 19G was purified using an ImmunoPure (A) 1gG Purifica-
been shown to confer resistance to the induction of ption kit (Pierce, Rockford, IL., USA). Immunohistochemical stain-

grammed cell death (Kumar and Baglioni 1991; Dickifg was performed using a Vectastain ABC (avidin—biotin—peroxi-

: . B . se complex) kit (Vector Laboratories, Burlingame, CA., USA).
son 1995). Active intracellular PAI-2 was required f araffin sections were briefly heated to 55° C, deparaffinized in

this function, but its inhibitory activity was not directegylene for 3x5 min, rehydrated through a graded ethanol series,
against uPA (Dickinson etal. 1995, 1998). These dafal fixed in 4% paraformaldehyde/PBS. After rinsing in PBS,
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non-specific binding was blocked in 10% normal goat serum genic substrate S-2444 (Chromogenix, Mélndal, Sweden). All as-
PBS. Sections were incubated with rabbit anti-mouse PAI-2 Ig@ys were performed in 96-well plates in a final volume of 110 pl.
(5 pg/ml) overnight at 4° C. Sections were washed 3x10 minEpidermal extracts were incubated in the presence of standard uPA
PBS, then incubated with biotinylated goat anti-rabbit IgG (7(85 Plough U/ml; Leo Pharmaceutical Products, Ballerup, Den-
pg/ml) 1 h at room temperature. Following washes in PBS, setark), 1 h at room temperature, to allow formation of uPA:PA in-
tions were incubated with the avidin—biotin—peroxidase compleibitor complexes. The optical density at 405 nm f(gpPwas
according to the manufacturer's recommendation. Detection of ameasured prior to substrate addition, and then with time after addi-
tibody binding was conducted using the substraté-daBnino- tion of 0.3 mM S-2444. Oy; readings were normalized by sub-
benzidine (Sigma, St. Louis, MO., USA). Control experimentsaction of background readings and compared to a standard curve
were performed using normal rabbit IgG. obtained with 25 Plough U/ml standard uPA alone.
In some experiments, prior to the inhibitory assay, PAI-2 was
immunoprecipitated from epidermal extracts using rabbit anti-
In situ hybridization mouse PAI-2 IgG (see above) or rabbit anti-mouse PAI-1 I1gG
(kindly donated by D. Loskutoff). Protein G Plus/protein A — aga-
In situ hybridization for mouse PAI-2 mRNA was performed a¢ose beads (Oncogene Reseach, Cambridge, MA., USA) were pre-
cording to procedures published previously (Keeton et al. 199&ated by washes in NET buffer (0.5 M NaCl, 1 mM EDTA, 50
Jensen and Lavker 1996). A 930-Bst-Pvul fragment of the mM TRIS-HCI, pH 8.1) containing 0.5% and then 0.05% Nonidet
mouse PAI-2 cDNA (kindly provided by D. Belin) was subcloneg-40 (NP-40; Sigma). To reduce non-specific binding, beads were
into pBluescript SK+ (Stratagene, La Jolla, CA., USA) at thdncubated in 0.2% hemoglobin in NET/0.05% NP-40, 1 h at 4° C,
EcoRI-Hindlll site. Digestion withHindlll and transcription with and in 2% immunoglobulin-free BSA (Sigma) in NET/0.05% NP-
T3 RNA polymerase were used for antisense probes, and digestionovernight at 4° C. For immunoprecipitation, low-salt epider-
with Smad and transcription with T7 RNA polymerase were useghal extracts (50 pl containing ca 85 pg total extracted protein)
for sense probes335]-labeled RNA probes were transcribed usingiere incubated with 100 pl Protein G Plus/protein A — agarose
a Riboprobe RNA Labelling kit (Promega Corporation, Madisobeads and 20 pg rabbit anti-mouse PAI-2 IgG overnight at 4° C.
WI., USA). Control experiments were performed by addition of normal rabbit
IgG or by omitting additions of antibody and beads. Agarose
) ) beads were pelleted and supernatants were assayed for uPA inhibi-
Epidermal extraction tory activity as described above.

The entire trunk skin was removed and immersed in 0.15 M NaCl
for 1 min at 56° C to separate the epidermis from the underlying
dermis. Epidermis was homogenized on ice in 0.01 M SOdiLRésu"s
phosphate pH 7.0 (ca. 10 pl per mg wet weight) and extracted for

30 min at 4° C. After centrifugation (ca. 7000 for 10 min), the _ i
supernatant (low-salt extract) was collected. The remaining peﬂ—qe pattern of PAI-2 expression changes

was then resuspended in an equal volume of 2 M KSCN/0.1% ‘Fﬁ”ing murine epidermal development
ton X-100 and reextracted for 30 min at 4° C followed by centrifu-
gation. Supernatant (high-salt extract) was collected and dialyg8dring the first 2 weeks of life, mouse epidermis under-

against 0.01 M sodium phosphate, pH 7.0. All samples were st ot ; .
at—70° C. Using this extraction procedure, PA inhibitors can be de- s characteristic morphological changes. Late gestatio

tected in the low-salt extract whereas PA enzymes are preserfiah 2nd neonatal mouse epidermis can be considered in a
the high-salt extract, as we previously found for human epiderniiyperproliferative’ state with approximately seven or
(L_yons-Giordano et aI._1994). Determination of to_tal (_extracted preight layers of nucleated keratinocytes: one layer of bas-
tein was performed using a BCA Protein Assay kit (Pierce). al keratinocytes (the proliferative layer), one or two lay-
ers of suprabasal cells, one or two layers of spinous
Western blot cells, and two or three layers of granular cells beneath
the enucleated cells of the cornified layers. Keratinocytes

Samples were electrophoresed in a 9.5% polyacrylamide gel in i ;
presence of SDS prior to electroblot transfer onto PVDF merﬁfe(he suprabasal, spinous, and granular layers constitute

brane (Immobilon P; Millipore, Bedford, MA., USA). Non-specift-'€ differentiating population of epidermal cells. By ap-
ic antibody binding was blocked in 1% bovine serum albumproximately 2 weeks of life, epidermal proliferation has
(Catalog number A-4378, Sigma) in TRIS-buffered saline (TB8eclined and the epidermis has become much thinner,
20 mM_TRIS base, 137 mM NaCl, pH 7.6) containing 0.2%pnsjsting of the basal layer, one layer of suprabasal

Tween-20. Immunodetection was conducted by incubation wi i e
rabbit anti-mouse PAI-2 19G (1.5 pg/ml) for 1 h at room temper Iélls, and several enucleated cornified layers, similar to

ture. Blots were washed in TBS/1% Tween-20 and incubated wifie adult. We investigated the expression of PAI-2 anti-
horseradish peroxidase-labelled goat anti-rabbit IgG (1:1000 diggen and mMRNA in mouse epidermis during the different

tion: Boehringer Mannheim Biochemicals, Indianapolis, INstages of epidermal development using immunohisto-
USA) for 1 h at room temperature. Following washes in TBS/1% ; o, . i At ;
Tween-20, antibody binding was detected using an ECL éfaemlcal staining and in situ hybridization, respectively.

(Amersham Life Science, Arlington Heights, IL., USA). Control N late gestational (Fig. 1A) and early neonatal (Fig.
experiments were performed using normal rabbit 1gG. 1C) mouse skin, we detected strong staining for PAI-2

Functional activity of epidermal PAI-2 was assessed by pre@ntigen in most suprabasal epidermal layers, but the low-
cubation prior to electrophoresis of epidermal extracts (15 ug t98nost two or three epidermal layers did not contain de-
protein) with 50 ng 33-kDa human uPA (Mochida Pharmaceufi- ble PAI-2 . Duri he fi | d f
cals, Tokyo, Japan) for 10 min on ice. ectable -2 antigen. During the first several days o

life, as the epidermis gradually thinned, PAI-2 antigen
— ) L became apparent in most of the epidermis, but the basal
uPa inhibitory assay immunoprecipitation cells were still spared (Fig. 1C). By 2 weeks of age, the

PA inhibitory activity was assessed using a kinetic assay whiAtire epidermis, including the basal cells, showed very
measures the inhibition of uPA-mediated cleavage of the chroniietense staining for PAI-2, a pattern which was main-
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Fetal

Neonatal

Adult

Control

Fig. 1A-H Plasminogen activator inhibitor type 2 (PAI-2) expresef the epidermis (Fig. 1F). These results demonstrate

sion patterns change during murine epidermal development. PAl- i inti ; i T
oo ) e A B S e ot aloag mousepth%‘t differentiating epidermal keratinocytes constitutively

epidermis at day 18 of gestatioh,(B), day 5 of life C, D) and €XPress PAI-2; in contrast, basal keratinocytes only ex-
day 20 of life E, F). Immunohistochemical staining was perpress PAI-2 when the epidermis approaches its adult
formed using polyclonal rabbit anti-mouse PAI-2 1gG, biotinylatechorphology, i.e., relatively thin with a low resting prolif-
secondary 1gG, the avidin—biotin—peroxidase complex, and t8pgtive rate.

substrate 3,3diaminobenzidine. In situ hybridization was per-

formed using $5S]-labeled RNA probe specific for mouse PAI-2.

In control experiments, adult mouse epidermis was incubated with

normal, non-immune rabbit IgG5(NRIgQ) or [35S]-labeled sense The majority of epidermal PAI-2 is present

probe for PAI-2 mRNA ). Arrowheadsmark the dermal—epider- . .
mal junction. PAI-2 antigen and mRNA were expressed in sup}ﬂ-'ts 43 kDa, non-glycosylated form

basal, differentiating keratinocytes of fetal and neonatal epidermis
(A-D). At these ages, basal keratinocytes showed no specifia western blot analysis, we determined that PAI-2 was
Staming ;cc)iruﬁAllﬁi antigen, :r”rgig“'g /ﬂrzr'%ﬁ{?lar! fg;gAnL'é&ngecovered in the low-salt extract of murine epidermis, but
consisfently found bothpin suprébasal and %asal keratinodytes as not de_tec_table n the_ hlgh-salt/dett_ergent fraction.
F). The cornified layer showed no consistent staining for PAI-2hese data indicate that epidermal PAI-2 is located most-
which may be due either to degradation of PAI-2 or to maskinglgfin the soluble fraction of cellular proteins. The major
antigenic determinants upon cross-linkigr 40 um band of epidermal PAI-2 had an apparent molecular
weight of 43 kDa (Fig. 2), consistent with previously
published sizes for endogenous (Wohlwend et al. 1987a)
tained throughout adulthood (Fig. 1E). At all times, PAlI-&nd recombinant (Kawata et al. 1996) non-glycosylated
staining was diffuse and cytoplasmic, indicative of anouse PAI-2. Interestingly, when lanes were standard-
intracellular localization. In situ hybridization revealeized to equivalent amounts of total protein, this 43 kDa
expression patterns for PAI-2 mRNA that were concdPAl-2 showed an increase in signal intensity in adult
dant with the PAI-2 immunohistochemistry. In late geeompared to neonatal extracts (Fig. 2A). Neonatal epi-
stational epidermis, the signal for PAI-2 mRNA was delermal extracts contained a second band at 105 kDa.
tected exclusively in suprabasal and spinous keratino&gveral other bands for PAI-2 were detectable when
tes (Fig. 1B). Similarly, in neonatal epidermis, most PAfraximal volumes of low-salt extracts were loaded (Fig.
2 mRNA was found in immediately suprabasal and s@iB). The specificity of these bands was verified by con-
nous layers, although a few basal cells also contairtesl immunoblot analysis with normal, non-immune rab-
signal (Fig. 1D). Adult epidermis showed weaker exprésit IgG (data not shown). Given that uPA and tPA activi-
sion of PAI-2 mRNA, but signal was present in all layetg are detectable in extracts of fetal and neonatal mouse
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Fig. 2A, B The majority of epidermal PAI-2 is present in aange of approximately 80-110 kDa. The intensity of the
43 kDa, non-glycosylated form. Low-salt epidermal extracts w$§5 kDa band was decreased in adult compared to neo-
|

separated by reducing SDS-PAGE and subjected to western : : : :
analysis using rabbit anti-mouse PAI-2 1gG, goat anti-rab {al epidermal extracts (Fig. 2A), consistent with the

IgG—horseradish peroxidase, and chemiluminescent deteationlinding that PA enzyme activity declined considerably
Western blot analysis of epidermal extracts from mice at days 3after birth, to barely detectable levels in adult epidermis
7, 20 of life and two adults (older than 6 months). All lanes W?ézensen and Lavker 1996). We also detected PAI-2 bands

loaded with 14 pg total cellular protein. Under reducing con ; ;
tions, the majority of epidermal PAI-2 was detected as a single 51, 39, 35, and 33 kDa. The 51 kDa band is consistent

kDa band. The relative amount of this 43 kDa band was increa¥¥i the published molecular weight for glycosylated
in adult compared to neonatal or adolescent epidermis. A sect@tms of human or mouse PAI-2 (Wohlwend et al. 1987a,

band (105 kDa) was present in neonatal epidermal extdtse b; Mikus et al. 1993; Kruithof et al. 1995). The low mo-

maximal volume (containing 50 ug) total protein of an adult epj i ; _
dermal extract was loaded. Additional bands for PAI-2 were ecular Welght Species of 39, 35, and 33 kDa may repres

tectable at 105, 78, 51, 39, 35, and 33 kDa. The specificity%ﬂt partially deg_raded ar_“?"or Cleaved forms OT PAI-2.
these bands was demonstrated by immunoblotting with normkénder non-reducing conditions (Fig. 3A), the major PAI-
rabbit IgG (data not shown). These additional bands may represerivand is a doublet of 43—45 kDa, probably related to
complexed, glycosylated, and/or cleaved forms of FAI-2 slightly different conformations of the inhibitor.

epidermis (Jensen and Lavker 1996), we postulate
these bands may represent complexes of PAI-2 with u
or tPA. Such complexes are known to be resistant to S
and reducing agents (Wohlwend et al. 1987b). The moﬁf-
I

E majority of epidermal PAI-2 is functionally active
forms SDS-stable complexes with uPA

ce PAI-2, like other serpins, forms SDS-stable com-
xes with its target proteinases (Wohlwend et al.

1987b) the presence of active inhibitor can be demon-
Fig. 3A, B The majority of epidermal PAI-2 is functionally activestrated by a shift in apparent molecular size on SDS-
and forms SDS-stable complexes with urokinase-type plasminogsslyacrylamide gels consequent to incubation with uPA. In

activator (UPA). Adult (>6 months of age) and neonddlday 4 of order to assess the functional activity of epidermal PAI-
life) low-salt epidermal extracts were incubated in the absence 0

r ; : .
presence of the 33 kDa form of human UPA prior to SDS-PAGE; W€ incubated low-salt extracts of mouse epidermis
Western blot analysis was performed using 9.5% SDS-polyacryéith the low molecular weight (33 kDa) form of human

mide gels and immunodetection with rabbit anti-mouse IgG, as dd”’A (LMW-uPA) and analyzed the samples by western

scribed for Fig. 2. Under non-reducing conditioAd, (control ex- b#otting As shown in Fig. 3, most of the 43-45 kDa PAI-
tracts of adult and neonatal mouse epidermis contained a double | S -
PAI-2 at 45-43 kDa, which was converted to a band at 76 kDa u ‘,?;fand was lost upon incubation with uPA and a 76 kDa

incubation with UPA. Under reducing conditior),(there was a complex band was formed, in good agreement with the
single band detectable for free PAI-2, which complexes witt uPA anticipated size for the PAI-2: LMW-uPA complex.

cular size of such complexes would be expected withi

A _ + uPA B + uPA

-45

243 kpa

Adult D4 Adult
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A extracts. This slightly smaller doublet may suggest the
presence of a small amount of inactive PAI-2 and/or a

47 cleaved fraction of total PAI-2.

0.3

Epidermal PA inhibitory activity
is mediated at least partially by PAI-2
02 A= D20 To quantify epidermal PAI-2 activity at different develop-
mental stages, we titrated the ability of low-salt epidermal
extracts to inhibit uPA-mediated cleavage of the chromo-
X wAsd  genic substrate S-2444. Incubation of standard uPA with
epidermal low-salt extracts led to a concentration-depen-
0 dent decrease in UPA activity, indicative of the presence
of PA inhibitor(s). When low-salt extracts were standard-
ized to equal amounts of total protein (Fig. 4A), indistin-
mg protein/ml guishable levels of PA inhibitory activity were found for
adult and neonatal epidermis. To determine whether this
inhibitory activity was mediated by PAI-2, we performed
B immunoprecipitation experiments. Immunoprecipitation
with anti-PAI-2 IgG reduced PA inhibitory activity by ap-
100 proximately 40%, demonstrating that a significant part of
epidermal PA inhibitory activity was contributed by PAI-2
(Fig. 4B). Increasing the amount of 1gG used for immu-
noprecipitation or subjecting the same sample to repeated
immunoprecipitations did not result in further loss of PA
inhibitory activity (data not shown), suggesting that im-
munoprecipitation was complete. Consistent with this in-
terpretation, western blot analysis of low-salt epidermal
extracts which were immunoprecipitated with anti-mouse
PAI-2 revealed no remaining PAI-2 (data not shown).
These data are consistent with the western blots of Fig. 3
in showing active PAI-2 in epidermal extracts. Our inabil-
ity to remove completely uPA inhibitory activity by im-
munoprecipitation with anti-PAI-2 antibody may suggest
Fig. 4A, B Epidermal PA inhibitory activity is mediated at leasthe presence of additional PA inhibitor(s) other than PAI-2.
partially by PAI-2.A Low-salt extracts of mouse epidermis weremmunoprecipitation with anti-mouse PAI-1 did not

adjusted to the indicated concentrations of total protein and in i PRI _ :
bated with standard UPA (25 Plough U/ml) for 1 h at room temlog\lf_fect PA inhibitory activity in low-salt epidermal extracts.

ature to allow PAI:uPA complex formation. The chromogenic uPA
substrate S-2444 was then added and uPA activity was assessed by

measuring the increase in optical density at 405@m 405 nm  PA|-2 is expressed solely in suprabasal

with time. Values shown were obtained after 60 min of incubatigy,: ;
with substrate, a time that was always in the linear range of absgg!dermal keratinocytes of the adult mouse footpad

tion. Control wells contained only standard uPA at the same con- ) ) o

centration (fA std). The presence of uPA inhibitors in the extract§he thickness of trunk epidermis in the mouse greatly de-
is demonstrated by loss of uPA activity. Epidermal extracts frasheases during neonatal life; however, this is not true for
lovels of mhibtory acfity® Low-alt oxttacis of mouse epigercll epidermal regions of the body. For example, the epi-
mis were immunoyprecipitgted with rabbit anti-mouse PAI-ZF:gG ermis of the footpad remains a thick, multi-layered epi-
as a control, with normal rabbit Ig@IRIgQ prior to the inhibitory thelium throughout the life of a mouse. To address wheth-
activity assay described . The bar labele€trl. shows data of er adult mouse epidermis invariably expresses PAI-2 both
extracts that were incubated similarly but without addition of anfh syprabasal and basal keratinocytes, or whether this ex-

body. Immunoprecipitation of PAI-2 led to loss of PA inhibitory ac- ; ; ; ;
tivity, as indicated by an increase in uPA activity. Data shown f@[essmn pattern is exclusive to the thin phenotype of

present the averagexstandard deviation of a total of four exp@éult mouse epidermis, we localized PAI-2 in footpad
ments with epidermal extracts from mice at day 2, 4, or 20 o lifegpidermis. Similarly to our results in fetal and neonatal

mouse epidermis, we found intense staining for PAI-2 in

suprabasal epidermal layers of the adult mouse footpad,
Thus, the 43 kDa band represents active inhibitor. bot no detectable staining in the basal keratinocytes (Fig.
addition to the appearance of a complex band after in&). Accordingly, in situ hybridization revealed signal for
bation with uPA, we also detected a very faint doublet BAI-2 mMRNA in the immediately suprabasal and spinous
42-43 kDa, slightly smaller than the doublet of contrtdyers of the footpad but not in the basal keratinocytes or

--=0---  Adult
0.1

uPA activity (OD 405nm)

0.1
0.2
03]
0.4

75

50

% of uPA activity

L

T

il

25

.

I
uPA Ctrl. NRIgG anti-PAI-2

LW
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c - + uPA
- -7
b S

< 42 kDa

Fig. 5A—C PAI-2 is expressed solely in suprabasal epidermal kgyelia (tongue, oral mucosa, vagina, and esophageal mu-

ratinocytes of the adult mouse footpad.Immunohistochemical osa) and simple epithelia (mucosae of the trachea and
staining of adult mouse footpad epidermis. Suprabasal, differenti-

n . .
ating keratinocytes of the stratified adult footpad epidermis deMall and large intestine). In the mucosa of the adult
played strong staining for PAI-R In situ hybridization for PAI-2 tongue (data not shown), oral cavity, esophagus, and va-
mMRNA of adult mouse footpad epidermis. PAI-2 mRNA is exgina (Fig. 6), we found PAI-2 antigen and mRNA pre-

pressed in suprabasal keratinocytes of the immediately suprab i i i iati i-
and spinous layer#rrowheadsmark the dermal—-epidermal junc-a%ﬁ‘hmamIy expressed in suprabasal, differentiating epi

tion. Cross-section of the duct of a sweat laastdrisk3; note the th_el'al cells of the spln_ous and granular Iaye_rs, re_sem'
intense staining for PAI-2 in the luminal, ductal epithelial c&is. bling the PAI-2 expression pattern in trunk epidermis of
Western blot analysis of low-salt epidermal extracts of the adnigonatal mice or in the adult footpad epidermis. Basal

foodpad with and without incubation with the 33 kDa human uP@pjthelial cells did not consistently express PAI-2 mRNA
as described for Fig. 2. Similarly to extracts of adult trunk epider: p : :
mis (Fig. 2), control extracts revealed the presence of the 456554361”“96”’ although in esophageal mucosa, focal regions

kDa PAI-2 doublet. Incubation with uPA led to a size shift of th@l basal cells occasionally showed weak expression of
major PAI-2 band to 76 kDa, demonstrating formation of a corRAI-2 (Fig. 6C, D). The simple epithelia of the small and
plex. A faint 43-42 kDa doublet was also detectable after incubgrge intestine did not show specific expression of PAI-2
tion with uPA.Bar 30 antigen or mRNA (data not shown). The pseudostrati-

fied, simple epithelium of the tracheal mucosa showed
int staining for PAI-2 antigen (Fig. 61, J), but signal for
I-2 mMRNA was not detectable (data not shown). Thus,
I-2 MRNA was detectable only in stratified squamous

Qf' elia and not in simple epithelia. The relatively weak
focal staining in tracheal epithelium indicates a low

el of PAI-2 antigen present in some simple epithelia.

granular cells. The adjacent thin epidermis of the dor
foot surface was indistinguishable from trunk epider

with respect to morphology and PAI-2 expression in b
basal and suprabasal keratinocytes. Western blot anal
of low-salt extracts of footpad epidermis demonstrat
the presence of the typical PAI-2 doublet at 45-43 k g .
undgr non-reducing C%Fr)]ditions (Fig. 5B). This band uf\r findings of low to undetectable levels of PAI-2 in

derwent the characteristic size shift to 76 kDa followirg"'P!€ epithelia contrast greatly with the strong and con-
incubation with LMW-uPA, indicating that PAI-2 of the Ste.?.t g'gna' for bmh.f]A:.'z antigen da”d MRNA in all

mouse footpad epidermis is functionally active. stratified squamous epithelia examined.

PAI-2 is expressed in suprabasal epithelial cells Discussion

of stratified squamous epithelia
In the present study, we have demonstrated that mouse

To determine whether PAI-2 expression is selective fatratified squamous epithelia (epidermis, tongue, esopha-
epidermis, we examined PAI-2 in a number of other mgus, oral and vaginal mucosa) constitutively and strong-
rine epithelial tissues, including stratified squamous epj- express the proteinase inhibitor PAI-2. In nearly all
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Oral Mucosa

Esophagus

Vagina

Control
(Vagina)

Trachea

Fig. 6A-J PAI-2 antigen and mRNA are expressed in stratifiedases, both antigen and mRNA for PAI-2 are concentrat-
Squarous epo'lthe“a- PAI-2 ?f‘tt'?e’“’€cy E) &“d mRNAE' D.F) ed in the suprabasal, i.e., differentiating cells of these
were localized in mouse palatal oral mucosaf), esophagusd, =, jii-layered epithelia. In contrast, simple epithelia such

D) or vagina E, F). Control experiments were performed usin . : . . .
normal rabbit 1gG @ NRIgG) and $5S]-labeled sense probe foras trachea and intestine, which comprise only a single

PAI-2 mRNA (H). PAI-2 antigen was weakly detectable in théayer of cells residing on a basement membrane, synthe-
simple epithelium of adult mouse trachépds compared to con-size little or no PAI-2. We suggest that expression of
trol staining with NRIgG J). Arrowheadsmark the basement pa|.2 in the differentiating cells of stratified squamous

membrane. In all stratified squamous epithelia, expression of PA|-. S - S
2 antigen and MRNA was concentrated in the differentiated, supr: ithelia indicates a connection of this inhibitor to the
basal epithelial cells. Focal regions of tracheal mucosa shov@fticular properties of terminal differentiation and death

weak staining for PAI-2 antigeBar 40 um in stratified squamous epithelia.



567

One marker of differentiation consistently an&Al-2 may be involved in protecting stratified squamous
uniquely expressed by stratified squamous epitheliaejgithelial cells, which have already lost their attachment
transglutaminase 1 (Parenteau et al. 1986; Reibel etalthe extracellular matrix and thus are vulnerable, from
1989; Pfundt et al. 1996). This enzyme cross-links praadergoing too rapidly the execution stages of pro-
teins to generate the cornified envelope, which isgeammed cell death.
unique terminal differentiation product of stratified squa- Both of the above hypotheses regarding the role of
mous epithelia, crucial for their barrier function (GreePAl-2 in stratified squamous epithelia imply an intracel-
1977; Rice and Green 1979, Hohl and Roop 1993; Fudjilar site of action. For PAI-2 to be incorporated into the
moto et al. 1997). PAI-2 contains a putative transgluteernified envelope, it would have to be located inside
minase substrate motif and has been shown to be in¢be- cell, since the cornified envelope is organized on the
porated into the cornified envelope of the epidermal kietracellular face of the plasma membrane. In the stud-
ratinocyte (Jensen etal. 1995, Robinson etal. 199k in which PAI-2 was overexpressed in cell lines, pro-
There is evidence from other investigators that PAIt@ction from programmed cell death correlated with in-
cross-linked to trophoblast membranes via the actiontafcellular PAI-2 (Dickinson etal. 1995,1998). In all
endogenous transglutaminase retains inhibitory activitiratified squamous epithelia, our immunohistochemical
(Jensen etal. 1993). Late in terminal differentiationtaining pattern for PAI-2 suggests a cytoplasmic distri-
when the cornified envelope is forming, the keratinocybeition. The great majority of PAI-2 in stratified squa-
also proteolytically degrades its organelles via the actimous epithelia has an apparent molecular weight of 43
of cellular proteinases. For example, Green (1977) pkda, consistent with the non-glycosylated form, which
vided evidence that, at least in cultured human keratif@as been shown to be cell-associated in many cells, in-
cytes, plasminogen is involved specifically in nucleatuding monocytes and cultured human keratinocytes
disintegration. Hence we speculate that transglutami{dYohlwend et al. 1987a, b; Wang and Jensen 1998).
ase-mediated cross-linking of PAI-2 may concentrate therther analyses revealed that most of the 43 kDa PAI-2
inhibitor along the cornified envelope in order to protes active. In epidermal extracts we also routinely detect-
this vital structure from the degradative action of cellulad several minor species of PAI-2 with apparent mole-
proteinases. cular weights in the range 33-39 kDa. These species

A second, perhaps related possibility is that PAlfRay be related to an approximately 33 kDa form of
may protect the squamous differentiating cells from dAl-2 found by others (Jensen et al. 1994b) in extracts
ing prematurely. In several cell lines, PAI-2 has beef myeloleukemia cells; it has been postulated that this
shown to exert a cytoprotective effect against the inddorm is generated in the cytosol and is a biochemical
tion of programmed cell death (Kumar and Bagliomharker for apoptosis. Since PAI-2 is a member of the
1991, Dickinson etal. 1995, 1998). Recent studies lafge family of serpins, most of which are found in the
mutagenized PAI-2 have shown that a particular intertaérculation, the postulation of an intracellular role was
lical domain is required for this cytoprotective effect; thaitially suprising. However, PAI-2 is an ovalbumin-type
same domain has previously been implicated in transgs@rpin (ov-serpin), with structural and sequence homol-
taminase-catalyzed cross-linking of PAI-2 (Jensen etagy to serpins such as skin-derived anti-leukoproteinase
1993, 1994; Dickinson etal. 1998). Simple as well §SKALP), proteinase inhibitor 6, maspin, squamous cell
stratified epithelial cells undergo a highly specializezhrcinoma antigen (SCCA), and the viral serpin crmA
form of programmed cell death (Fesus et al. 1991; Gavrigiruithof et al. 1995). Ov-serpins lack a classical signal
etal. 1992; Hall etal. 1994; Polakowska and Haakequence and are therefore expressed mainly in the cy-
1994; Tamada et al. 1994; Metcalfe and Streuli 1997)sol; in some cases, secretion is facilitated by glycosy-
but regulatory mechanisms involved in the initiatiomation of the inhibitor molecule. Recent studies have lo-
commitment, and execution of the death pathway meglized SKALP, proteinase inhibitor 6, and SCCA to the
not be identical among all types of epithelia. One potenore differentiated keratinocytes of various types of
tially relevant difference imposed by the structural orgatratified squamous epithelia (Pfundt et al. 1996; Scott
nization of epithelia concerns their attachment to teeal. 1996; Schick et al. 1997). In the case of proteinase
basement membrane, which has been shown in numeiabgitor 6, expression was found to be exclusively in-
epithelial cell types to be an important survival signdtacellular, suggesting yet unknown intracellular func-
Epithelial cells denied contact with their extracellularon(s) of this serpin. Furthermore, as an inhibitor of the
matrix undergo rapid programmed cell death (Frisch aimdracellular caspase interleukifg-tonverting enzyme
Francis 1994; Pullan etal. 1996; Metcalfe and Stre@ICE), the viral serpin crmA is the first serpin shown to
1997; Rodeck et al. 1997). While simple epithelial cellave a defined intracellular target (Komiyama et al.
remain in contact with the basement membrane throud896).
out differentiation, stratified squamous epithelial cells Although several lines of evidence point to an intra-
undergo most of their differentiation program after thegllular role for PAI-2, we recognize that an alternative,
have detached from the basement membrane. To accormadditional, extracellular role for PAI-2 involves inhibi-
plish their many stages of differentiation and generatei@ of uPA or tPA. Both of these plasminogen activators
fully functional cornified envelope, stratified squamougre present in normal mouse epidermis (Jensen and
epithelial cells must remain viable and metabolically acavker 1996). Although their epidermal functions re-
tive for long periods of time after they have detachedain undefined, we have previously presented evidence
from the basement membrane. Hence we speculate that uPA may promote epidermal proliferation (Jensen
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and Lavker 1996). Interestingly, of all the murine stratickert RL, Rorke EA (1989) Molecular biology of keratinocyte
fied squamous epithelia that we examined, adult epidﬁé_dlfferentlatlon. Environ Health Perspect 80:109-116

: i : ._Fesus L, Davies PJA, Piacentini M (1991) Apotposis: molecular
mis of the ‘thin’ phenotype was the only one in whic mechanism in programmed cell death. Eur J Cell Biol 56:

PAI-2 was found in the basal (i.e., proliferative) layer. 170-177
This may suggest that, at least under certain conditiofigsch SM, Francis H (1994) Disruption of epithelial cell-matrix
PAI-2 may serve additional functions in basal keratinlg—__lmetfawo'&s Lndch_s gpzptfgsﬁ- JJ C;f” BA?\'/I 1(21‘519671)95556 al
H Fe ujimoto , Nakanisni G, Arata J, Jetien Irerentia
Cyte.s' €.g., regulatlo_n of UPA activity. . expression of human cornifin a and b in squamous differentiat-
Finally, it is possible that PAI-2 may provide a pro- ng epithelial tissues and skin lesions. J Invest Dermatol 108:
tective mechanism against microbial infection through 200-204

stratified squamous epithelia. Although intact epithelfdavrieli Y, Sherman Y, Ben-Sasson SA (1992) Identification of

; ; i i ; ial i _ programmed cell death in situ via specific labeling of nuclear
constitute a formidable barrier against microbial inva- S fragmentation. J Cell Biol 119:493-501

Sion_’ breaks Within_tissu,es can a”QW entry of foreign Oreen H (1977) Terminal differentiation of cultured human epi-
ganisms. Several invasive bacteria express endogenougermal cells. Cell 11:405-416

plasminogen activators and bind plasminogen, whi€heen H (1980) The keratinocyte as differentiated cell type. Har-

they may use to penetrate the extracellular matrix Vey Lec 74:101-139 _
. all PA, Coates PJ, Ansari B, Hopwood D (1994) Regulation of
(Boyle and Lottenberg 1997; Korhonen etal. 1997). cell number in the mammalian gastrointestinal tract — the im-

Perhaps disruption_of the stratified squamous epitheli- portance of apoptosis. J Cell Sci 107:3569-3577
um, with the resulting death of keratinocytes, releadgibino T, Izaki S, Ohkuma M, Kon S, Thorsen S, Astedt B (1988)
their large store of intracellular PAI-2 into the extracel- Epidermal plasminogen activator inhibitor (PAI) is immunologi-

inhihi . ; _ cally identical to placental-type PAI-2. FEBS Lett 231:202—-206
lular space, there to inhibit any bacterial-mediated plag; D, Roop D (1993) Loricrin. In: Darmon M, Blumenberg M

minogen activation and thus limit the invasive capacity (eds) Molecular biology of the skin: the keratinocyte. Aca-
of the infectious agent. demic Press, San Diego, pp 151-179
In sum, we believe that the selective presence of PAJghsen PH, Lorand L, Ebbesen P, Glieman J (1993) Type-2 plas-

in the differentiated cells of stratified squamous epithelia minogen-activator inhibitor is a substrate for trophoblast trans-
lutaminase and factor Xllla. Transglutaminase-catalyzed

SqueStS Se_VeraI pOS,SibIe roles rglated to the p_rOteCt,iV%ross-linking to cellular and extracellular structures. Eur J Bio-

barrier functions of this class of epithelia. Future investi- chem 214:141-146

gations are required to determine the nature and the Jansen PH, Schuler E, Woodrow G, Richardson M, Goss N,

get of PAI-2 actions. Hojrup P, Peterson TE, Rasmussen LK (1994a) A unique inter-
helical insertion in plasminogen activator inhibitor 2 contains

Acknowledgements This work was supported by a research fel- three glutamines, GIn83 GIn84 GIn86, essential for transgluta-

lowship from the Dermatology Foundation and Merck & Co. t minase-mediated cross-linking. J Biol Chem 269:15394-15398
B.C.R. and grants from the National Institutes of Health to P.J?S’.”se” PH, Cressey LI, Gjertsen BT, Madsen P, Mellgren G, Hok-
(RO1 AR42998), R.M.L. (RO1 EY06769), and D.G. (RO1 land P, Gliemann J, Dgskeland SO, Lanotte M, Vintermyr OK

HL49184). The authors are very grateful for the outstanding histo- (1994b) Cleaved intracellular plasminogen activator inhibitor
technical expertise of Ms Dorothy Campbell. 2 in human myeloleukemia cells is a marker of apoptosis. Br J

Cancer 70:834-840
Jensen PJ, Lavker RM (1996) Modulation of the plasminogen acti-
vator cascade during enhanced epidermal proliferation in vivo.
References Cell Growth Differ 7:1793-1804
Jensen PJ, Wu Q, Janowitz P, Ando Y, Schechter NM (1995) Plas-
Andreasen PA, Georg B, Lund LR, Riccio A, Stacey SN (1990) minogen activator inhibitor type 2: an intracellular keratino-
Plasminogen activator inhibitors: hormonally regulated ser- cyte differentiation product that is incorporated into the corni-
pins. Mol Cell Endocrinol 68:1-19 fied envelope. Exp Cell Res 217:65-71
Andreasen PA, Kjoller L, Christensen L, Duffy MJ (1997) Th&awata Y, Mimuro J, Kaneko M, Shimada K, Sakata Y (1996) Ex-
urokinase-type plasminogen activator system in cancer metas-pression of plasminogen activator inhibitor 2 in the adult and

tasis: a review. Int J Cancer 72:1-22 embryonic mouse tissues. Thromb Haemost 76:569-576
Ashkenas J, Werb Z (1996) Proteolysis and the biochemistryKafeton M, Eguchi Y, Sawdey M, Ahn C, Loskutoff D (1993) Cel-
life-or-death decisions. J Exp Med 183:1947-1951 lular localization of type 1 plasminogen activator inhibitor

Belin D, Wohlwend A, Schleuning W-D, Kruithof EKO, Vassalli messenger RNA and protein in murine renal tissue. Am J Pa-
J-D (1989) Facultative polypeptide translocation allows a sin- thol 142:59-70
gle mRNA to encode the secreted and cytosolic forms of plad®@miyama T, Long TQ, Salvesen GS (1996) Inhibition of cysteine

minogen activator inhibitor 2. EMBO J 8:3287-3294 and serine proteinases by the cowpox virus serpin crmA. Adv
Boyle MDP, Lottenberg R (1997) Plasminogen activation by inva- Exp Med Biol 389:173-176
sive human pathogens. Thromb Haemost 77:1-10 Korhonen TK, Lahteenméki K, Kukkonen M, Pouttu R, Hyndnen

Carmeliet P, Collen D (1995) Gene targeting and gene transfer U, Savolainen K, Westerlund-Wikstrom B, Virkola R (1997)
studies of the biological role of the plasminogen/plasmin Plasminogen receptors. Turni8glmonellaandEscherichia co-
system. Thromb Haemost 74:429-436 li into proteolytic organisms. Adv Exp Med Biol 412:185-192

Dang K, Andreasen PA, Grgndahl-Hansen J, Kristensen P, Nielkenithof EKO, Bakers MS, Bunn CL (1995) Biological and clini-
LS, Skriver L (1985) Plasminogen activators, tissue degrada- cal aspects of plasminogen activator inhibitor type 2. Blood
tion, and cancer. Adv Cancer Res 44:139-266 86:4007-4024

Dickinson JL, Bates EJ, Ferrante A, Antalis TM (1995) Plasmin&umar S, Baglioni C (1991) Protection from tumor necrosis fac-
gen activator inhibitor type 2 inhibits tumor necrosis factor tor-mediated cytolysis by overexpression of plasminogen acti-
induced apoptosis. J Biol Chem 270:27894-27904 vator inhibitor type-2. J Biol Chem 266:20960-20964

Dickinson JL, Norris BL, Jensen PH, Antalis TM (1998) The C-Dyons-Giordano B, Loskutoff D, Chen CS, Lazarus GS, Keeton
interhelical domain of the serpin plasminogen activator inhibi- M, Jensen PJ (1994) Expression of plasminogen activator in-
tor-type 2 is required for protection from TNFinduced ap- hibitor type 2 in normal and psoriatic epidermis. Histochemis-
optosis. Cell Death Differ 5:163-171 try 101:105-112



569

Mars WM, Zarnegar R, Michalopoulos GK (1993) Activation of proteins, plasminogen activator inhibitor-2, and involucrin are
hepatocyte growth factor by the plasminogen activators uPA components of the cornified envelope in cultured human epi-

and tPA. Am J Pathol 143:949-958 dermal keratinocytes. J Biol Chem 272:12035-12046
Metcalfe A, Streuli C (1997) Epithelial apoptosis. Bioessays 1Rpdeck U, Jost M, DuHadaway J, Kari C, Jensen PJ, Risse B,
711-720 Ewert DL (1997) Regulation of Bclxexpression in human

Mikus P, Urano T, Liljestrom P, Ny T (1993) Plasminogen-activa- keratinocytes by cell-substratum adhesion and the epider-
tor inhibitor type 2 (PAI-2) is a spontaneously polymerising mal growth factor receptor. Proc Natl Acad Sci USA 94:
serpin. Biochemical characterisation of the recombinant intra- 5067-5072
cellular and extracellular forms. Eur J Biochem 218:1071-108&mer J, Bugge TH, Pyke C, Lund LR, Flick MJ, Degen JL, Dang

Naldini T, Tamagone L, Vigna E, Sachs M, Hartmann G, Birch- K (1996) Impaired wound healing in mice with a disrupted
meier W, Daikuhara Y, Tsubouchi H, Blasi F, Comoglio PM plasminogen gene. Nat Med 2:287-292
(1992) Extracellular proteolytic cleavage by urokinase is r&chick C, Kamachi Y, Bartuski AJ, Cataltepe S, Schechter NM,
quired for activation of hepatocyte growth factor/scatter factor. Pemberton PA, Silverman GA (1997) Squamous cell carcino-
EMBO J 11:4825-4833 ma antigen 2 is a novel serpin that inhibits the chymotrypsin-

Parenteau NL, Pilato A, Rice RH (1986) Induction of keratinocyte like proteinases cathepsin G and mast cell chymase. J Biol
type-1 transglutaminase in epithelial cells of the rat. Differenti- Chem 272:1849-1855
ation 33:130-141 Scott FL, Coughlin PB, Bird C, Cerruti L, Hayman JA, Bird P

Pfundt R, Ruissen F van, Vlijmen-Willems IMJJ van, Alkemade (1996) Proteinase inhibitor 6 cannot be secreted, which
HAC, Zeeuwen PLJM, Lap PH, Dijkman H, Fransen J, Croes suggests it is a new type of cellular serpin. J Biol Chem 271:
H, Erp PEJ van, Schalkwijk J (1996) Constitutive and induc- 1605-1612
ible expression of SKALP/elafin provides anti-elastase d&amada Y, Takama H, Kitamura T, Yokochi K, Nitta Y, lkeya T,

fense in human epithelia. J Clin Invest 98:1389-1399 Matsumoto Y (1994) Identification of programmed cell death
Polakowska RR, Haake AR (1994) Apoptosis: the skin from a new in normal human skin tissues by using specific labelling of
perspective. Cell Death Differ 1:19-31 fragmented DNA. Br J Dermatol 131:521-524

Pullan S, Wilson J, Edwards GM, Goberdhan N, Tilly J, HickmaFrsirka SE, Rogove AD, Bugge TH, Degen JL, Strickland S (1997)
JA, Dive C, Streuli CH (1996) Requirement of basement mem- An extracellular proteolytic cascade promotes neuronal
brane for the suppression of programmed cell death in mam- degeneration in the mouse hippocampus. J Neurosci 17:543—
mary epithelium. J Cell Sci 109:631-642 552

Quigley JP, Gold LI, Schwimmer R, Sullivan LM (1987) LimitedVang Y, Jensen PJ (1998) Regulation of the level and glycosyla-
cleavage of cellular fibronectin by plasminogen activator purified tion state of plasminogen activator inhibitor type 2 during ke-
from transformed cells. Proc Natl Acad Sci USA 84:2776-2780 ratinocyte differentiation. Differentiation 63:93—99

Reibel J, Clausen H, Dale BA, Thacher SM (1989) Immunohisté/ohlwend A, Belin D, Vassalli J-D (1987a) Plasminogen activa-
chemical analysis of stratum corneum components in oral tor-specific inhibitors in mouse macrophages: in vivo and in
squamous epithelia. Differentiation 41:237-244 vitro modulation of their synthesis and secretion. J Immunol

Resing KA, Al-Alawi N, Blomquist C, Fleckman P, Dale BA (1993) 139:1278-1284
Independent regulation of two cytoplasmic processing stagesAddhlwend A, Belin D, Vassalli J-D (1987b) Plasminogen activa-
the intermediate filament-associated protein filaggrin and role of tor-specific inhibitors produced by human monocytes/macro-
C&*in the second stage. J Biol Chem 268:25139-25145 phages. J Exp Med 165:320-339

Rice RH, Green H (1979) Presence in human epidermal cells ofeaRD, Wun RC, Sadler JE (1988) Mammalian protein secretion
soluble protein precursor of the cross-linked envelope: activa- without signal peptide removal. Biosynthesis of plasminogen ac-

tion of the cross-linking by calcium ions. Cell 18:681-694 tivator inhibitor-2 in U-937 cells. J Biol Chem 263:4869—-4875
Robinson NA, Lapic S, Welter JF, Eckert RL (1997) S100A11,
S100A10, annexin |, desmosomal proteins, small proline-rich



