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Plasminogen Activator in Differentiating Mouse Keratinocytes* 
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Department of Cell Biology (RRJ, DBR), and Department of Dermatology (RRJ), New Yorh University M edical Cente1 ~ N ew Yorh, N ew York, 
U.S.A ., and German Cancer R esearch Center (NEF), Heidelbe1g , F.R .G. 

The activity of the serine protease plasminogen acti
vator (P A) was measured in cell lysates from primary 
mouse keratinocyte cultures as well as from a number 
of established mouse keratinocyte lines. Enzyme activity 
was generally higher in the transformed lines than in 
the primary cultures; however, among the lines tested, 
those that expressed the highest degree of morphologic 
differentiation had the highest levels of cell-associated 
PA. In both the normal (primary) and transformed (es
tablished) keratinocyte cultures, P A activity increased 
when cultures reached confluence and morphologic evi
dence of differentiation was noted. The highest specific 
activity of the enzyme was found in cells shed from 
differentiating cultures, which consisted predominantly 
of detergent-resistant cornifie d envelopes. As the cul
tures differentiated and these cells were shed from the 
culture surface, the total cell-associated PA activity of 
the culture decreased accordingly. In both the normal 
and transformed keratinocyte cultures, peak P A activity 
occurred at a time when DNA synthesis was declining. 
These findings indicate that as keratinocytes differen
tiate, their intracellular levels of P A increase. The mod
ulation of this endogenous keratinocyte enzyme may 
play an important, although as yet undefined, role in the 
normal maturation and terminal differentiation of these 
cells. 

The enzym e plasminogen activator (P A), present in the blood 
and within a variety of cells, is a serine protease which converts 
the serum zymogen, plasminogen, to the active protease, plas
min. The P A in serum plays an obvious role in tlu:ombolysis 
[1), while the role of cell-associated PA seems to be the pro
duction of localized extracellular proteolysis-either pathologic, 
as in tumor invasion [2], or physiologic, as in trophoblast 
implantation [3], and in postpartum involution of m ammary 
glands [ 4]. In these latter cases, the expression of PA is modu
lated by hormones and varies with the developmental state of 
the cells [3,4). Thus, PA may be considered a specific product 
of a differentiated cell that is involved with local destructive or 
remodeling processes. 

A number of studies indicate that endogenous keratinocyte 
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PA and the subsequent generation of plasmin may facili tate th e 
terminal differentiative events of nuclear dissolution [5,6) or 
squame detachment [7]. These observations h ave led to th e 
suggestion that intracellular levels of P A are regulated during 
the course of normal keratinocyte matw·ation, and may, in fa ct, 
serve as an indicator of the degree of keratinocyte differentia 
tion [8). 

In this study we report that P A is a product of normal a nd 
transformed mouse keratinocytes. Using both primary mouse 
keratinocyte cultures and established keratinocyte lines we 
demonstrate that the intracellular level of t his protease varies 
with the differentiative state of th e cul tUl"e. In addition, in the 
individual keratinocyte culture, we fmd t he high est specific 
activity of the enzym e in the squa.mes sh ed from t h e culture 
sw-face. These findings indicate that as keratinocytes differ en
tiate, t heir intracellular levels of P A increase. 

MATERIALS AND METHODS 

Cell Culture 

Primary mouse keratinocyte cultures were prepared from newborn 
C3H mice using a trypsinization method previously described [9,10). 
Briefly, strips of mouse skin were agitated in a trypsinization vessel 
maintained at 37°C. The epidermal cell aggregates were separated from 
fibroblasts and single keratinocytes by 2 consecuous discontinuous 
Ficoll density gradient centrifugations. The resultant cell suspension 
was plated at the desired density and maintained in Eagle's minimal 
essential medium (MEM) containing 4-fold concentrations of amino 
acids (AA) and vitamins (4 x AA), and 10% fetal calf serum (FCS) 
(Seromed, Miinchen, Germany) in an atmosphere of 95% air and 5% 
co" at 37°C. 

The mouse keratinocyte lines used in these studies were isolated 
from keratinocyte cultures treated with dimethylbenzanthracene 
(DMBA) (line PDV in [ll]), derived from an in vivo DMBA-induced 
skin carcinoma and cloned thereafter (line BD VII in [12]) , or had 
developed spontaneously in vitro in long-term primary cul tures main
tained at 30°C (HEL lines in [13]) . HEL-37 is a subline of HEL-30 
which had been shifted to 37°C incubation temperature at passage 6, 
and exhibi ts reduced keratinization capacity with higher passage num
bers [14). Cells were used between passages 32-42, except line HEL-37, 
which was used at passage 187. Cells were maintained in Dulbecco's 
modification of Eagle's medium (DMEM) (Flow Laboratories, Rock
ville, Maryland), supplemented with 10% FCS (Rehies Chemical Com
pany, Kankakee, Illinois) in 90% air and 10% C02 at 37°C. 

Reprint requests to: Dr. R. Rivkah Isseroff, Deprutment of Derma
tology, University of Califomia, Davis, TB 192-School of Medicine, 
Davis, Califo rnia 95616. 

Abbreviations: 
AA: Amino acids 
BME: P-mercaptoethanol 
BSA: bovine serum albumin 
DMBA: dimethylbenzanthracene 
DMEM: Dulbecco's modification of Eagle's minimal essential 
medium 
FCS: fetal calf serum 
MEM: minimal essential medium 
P A: plasminogen activator 
PBS: phosphate-buffered saline 
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Determ ination of Cell-Associated Plasm inogen Activator L evels 

Cells to be assayed for PA were washed twice wi th cold phospha te
buffered saline (PBS), scraped off the plate with a rubber policeman, 
and collected by cent rifugation. The cell pellet was disrup ted by sani
fication for 15 2-s bursts (Branson sonicato r) in ice-cold 0.1 M Tris-HCl, 
pH 8.1 , containing 0.5% Triton X-100. The ce ll extract was then 
cenfrifuged for 20 min at 20,000 gat 4 °C and aliquots of the supernatant 
frozen for PA assay a nd protein determina tion. ln some experiments, 
the ce lls were disrup ted by rapid vortexing of the cell suspens ion in the 
cold Tri ton-containing buffer. 

The [ '""Il -fibrin -coatecl mul l iwe ll assay was used to determine PA 
levels, as previously clcscribecl [ 15, 16l Brie tly, 2 or 5 11g of ce ll lysate 
protein was aclclecl Lo a [' ""1]-f"ibrin-coalecl microwell in a buffer con
ta ining 0.025% bovine serum a lbumin (BSA) and 12 11g/ml FCS-plas
minogen, purified according to published proced ures [17]. The dishes 
were incubated at 37°C and an a liquot of the supernatant tluicl assayed 
for so lubilized [ " "!}fibrin degrada tion produ cts at 1, 2, a nd 4 h. All 
assays were performed under condi t ions of substra te (plasminogen) 
excess, and only va lues in the linea r range of the assay wi th respect to 
both t ime a nd sample concent ration were used. PA is expressed as 
milliuni ts (Ploug) of Urokinase H.eference StanclaJ·cl (Leo Phannaceu
tical Products, Ballerup, Denmark). All data are expressed as the mean 
valu e of duplicate assays on each of 2 samples. Control assays of ce ll 
extracts in the a bsence of plasminogen revealed no plasminogen-incle
penclenl fibrinolysis. 

Scoring of Detergent-Insoluble Cells and Cornified Envelopes 

T o calculate the fraction of ce lls conta ining detergent- insoluble 
kera tin and /3- mercaptoetha nol (BM E )-resistant cornified envelopes, 
dense, 7-clay-o lcl cultures of BD VII ce lls were vigorously washed twice 
with PBS lo remove a ny adherent squames prior to th e collec tion 
period. The cul tures were subsequ ently incuba ted for 48 h in serum
free DMEM at 37°C. The cells shed into the medium over this period 
were co llected by aspira ting th e cul ture medium, and vigorously wash
ing the culture wi th PBS to remove loosely attached ce lls. The culture 
medium and washes were pooled, and shed cells co llected by low-speed 
centrifugation. The ce lls adherent lo the cul ture dish were removed 
from the plate by standa rd trea tment wi th 0.25% trypsin-0.02 M EDTA, 
and collected by centrifugation a fter tryptic acLivity was slopped wi th 
serum . 

Scoring was clone following Green's published procedure [5). The ce ll 
pellet of either the shed or the adherent cells was washed and resus
pended by vigorous pipetling in 1 ml of PBS. T o determine th e tota l 
ce ll number, an aliquot of this ce ll suspension was counted in a Coulter 
coun te r and checked by manual hemocytometer coun t ing. The remain
ing cells were collected by low-speed centrifugation and one-h~lf of the 
cells resuspended in 0.05 M Tris-HCl, pH 8. 1, conta ining 1% S DS. After 
incubation for 5 min at room temperature, ce lls were coun ted in a 
hemocytometer Lo clelennine the number of detergent-resis tant ce lls. 
The number of BME-resisla nt cornified envelopes was determined by 
incubating Lhe rema ining one-half of the ce ll suspension for 5 min at 
room temperature in SDS buffer to which 1% BME had been added. 
Cornified envelopes a ppeared as cl ear ce ll ghosts a nd were scored in a 
hemocytometer. 

M easurem.ent of DNA Synthesis 

An esti mate of the rate of DNA synthesis was obtained by labeling 
with ["Hl· thymidine (21.8 Ci/ mmol, New England Nuclear, Boston, 
Massachusetts) in serum-free medium (I 11Ci/ ml for keralinocyte lines, 
5 11Ci/ ml for prima ry epidermal culture) for 1 h a t 37°C. After washing 
the cul tures twice wi th cold PBS, the dishes we1·e s tored frozen at 
-20°C un til fur ther s tudy. When a ll sa mples of a ll ex perimenta l time
poin ts had been collect.ed, thawed cultures ~ere incuba ted wit.h ice
cold 10% T CA for 5 min a nd ha rvested by scraping the monolayer ofJ 
the cul ture dish. Precipi tated macromolecules were co llected on What
man GF I A fil le r paper , placed into Tri ton-toluene scintillant (Soluscin t 
A, National Diagnostic, Somerville, New Je rsey) and radioactivity 
measured in a scintillation counter. 

M easurement u( Protein 

ProLe in con tent of the ce ll lysales was determined using the method 
of Lowry et a l [1 8l T ota l prote in in lysa les conta ining BME was 
qua nt ita ted by the procedure of Schaffn er and Weissman [ 19l 
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RESULTS 

Production of PA by Established Kera.tin.ocyl:e Lines 

To de te rmine wh e th er a re lationship be tween le ve ls of PA 
a nd degr ee of diffe rentiation could be demons tra t ed , the cell
associa t ed e nzy m e was quantitated in a number of est a blis h ed 
mouse keratinocyte lines. These cell lines provided a good 
initial test system because of the variations in the extent of 
differentia tion they expressed . Although these lines a ll possess 
th e morpholog ic ch a rac teristics of ke ra tinocytes, s uch as to no
fil a m ents, d esmosomes, ker a tin peptides, and cytoske letons, 
and a mul t ilayered growt h pa t te rn , the ultima t e degree of 
diffe rentia t ion achi e ved va ries from lin e t o lin e [1 2-14]. Line 
PVD, for example, diffe re n t ia tes poorly-as evide nced by an 
irregula r s tratification pa ttern, low level o f cornified e nve lope 
forma tion , a nd dec reased expression of ke ra tinocyte -specific 
m embra ne an t ige ns [20]. In contras t , line BD VII differ e n t ia t es 
in a more normal e pide rma l fashion-forming orga nized strat
ifi ed cul tm es complete with f1 at s heets o f cornified squa m es, 
a nd possessing muc h keratin in dis ulfide-cross-linked aggre
gates [1 3,14]. The HEL lines a lso diffe r in the ir expression of 
keratiniza tion in vi t ro; HEL-30 is the most differentiated line, 
its cloned subline HEL-C , is m o rphologically less differ entiated, 
and the subline HEL-37 h as eve n more r edu ced differ entiating 
capacity wi t h respect t o both morphologi c and bioc hemical 
crite ria [13,14,2 1]. In all cell lines , cul t ures are best differ e n
t iated wh e n they reach high ce ll d e ns ities. 

T a ble I indicat es tha t the s pecific ac tivity of PA va1·i ed from 
line to line, with line PDV, a poorly diffe rentiated line, express
ing th e lowest enzym e activity, and lines BD VII and HEL-30, 
we ll-differ entia t ed lines, expressing a ppi·oxima te ly 2 (conf1u e n t 
cultures) to 10 (subconf1u e nt cultures ) times highe r activity . 
Conflue nt cultures of e ve ry lin e t ested h ad highe r le ve ls of PA 
than did th e ir morphologica lly less diffe re nti ated subconf1u e n t 
counte rpa rts (Ta bl e I). This is in agreem ent with th e observed 
relationship of PA and t.he degree of differentia tion of each cell 
line . 

Line BD VIII differe ntia tes in culture in a fashion that closely 
follows the patte rn o f primary ke ra tinocytes, with s tratification 
a nd squa m e form a tion. P A expressio n wa s, th ere fore, exa mined 
in t his lin e over a longe r pe riod of time in culture, to d e te rmine 
whe the r t he s pecific activity of t he e nzy m e vari ed as th e culture 
diffe re n t iated . Cells we re ini t ially plated at low de ns ity and th e 
cultures m a inta ined un t il they wer e multilayered and conta ined 
m a ny s h edding squa m es. The variation of PA ac tivi ty of the 
cul t ure as a fun ction of time is shown in Fig l , and d emons trates 
a n initial low leve l of this e nzyme, a pea k of activity at day 4, 
followed by a subseque nt decline . The p eak in activity occ urred 
a fte r th e cultures we re confluent, a nd a fte r the early burs t of 
DNA synthe~is . Onset of squa m e form a tion was no ted a t day 3 

TABLF. I. Cell-associated" PA acti vity'' in mouse l1eratin ocyte lin es 

Linc ~uh<.:o nllu c nt 
( - I X Ill ' cc lls/cm' J 

Confluent ' 
(1 -2 x IU'' ce ll s/em") 

PDV O.o7 (0.0!1- 0.08) 0.82 (0.82) 
BD VII 0.77 (0.54- 1.0) 2.1 (1.9-2.3) 
HEL-:J7 OJi I (0.38-0.84) l.G (0.9- 2.3) 
HEL-:.JO 0.7fi (0.52-1.0) 1. ~ ( 1.8-2 .0) 
HEL C, 0. 7~l(0.50- l.l) 1.7 (1.2- 2.2) 

" Cells were pla ted at 1-2 X 10·';cm" and main ta ined at 37°C in 
DMIO:M + 10% FCS un t il th ey were 20-::JO'lr· co nflu enL (1 X 10·' cells/ 
em") or 100% confluent. ( 1-2 X lO'' ce lls/em"), at which t ime th ey were 
collec ted and levels of" PA cl elerminecl as outlined in Materials an d 
Methods. Cells were lysed by rapid vort.exing of ce ll suspension in 0.1 
M Tris-HCl pH 8.1 conta ining 0.5% Triton X- 100. 

1
' PA activity il'< expressed as milliunit.s urokinase per /lg so luble 

protein a fter 2-h assay incuba t ion. Values are the mean of duplica te 
determinat ion done on 2 replicate plates. Valu.es in parenth eses indicate 
range. 

·· Ea rl y conflu ence: these densities a re equivalent t.o those a t. which 
maximai va lues of intracellular PA are noted, as in Fig I. 
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FIG I. In tracellular PA and rate of ["H}t.hym idine incorporation in 
mou~e keratinoc.v te line BD VII. The de rivat ion, characteriza tion, and 
maintenance of this line is out li ned in Lex!. Low-densilv ce ll cultures 
(7 X 10·' ce lls/ 3fi-mm dish) were estab lished and at. th e i i~d icaLed Limes, 
cellular prote ins were solu bilized by soni ficalion. Two micrograms of 
ce ll lysate protein were m;sa_ved for PA activ it y. ["!-!}thymidine incor
poration into DNA was measured at the indica ted Limes as outlined in 
the text. Each point represents the mean of duplicate assays on repli 
cate plates. Bars indica te range; e, PA ac ti v i t~· ; ""· ["Hl-Lhymidine 
inco rporat ion. 

in these cultures, co inciding with the elevation of levels of PA. 
Thus, in th is well -d ifferentiating kerati nocyte line, maximal 
levels of PA occ ulTed when morp hologic differentiation became 
evident and not at the t ime of maximal DNA sy nt hesis. 

Production ol PA by Primcuy Cultures o/ .M.ou.se 
Keralinocyles 

To determine whether the observed increase in levels of PA 
associated with enhanced differen t iation in the established 
keratinocyte li nes co uld also be demonstrated in un tr ansform ed 
mouse keratinocytes, we examined primary cul tures of mouse 
keratinocytes, ini t ia lly p lated at high ( -5 x lor' cells/ em") and 
low ( -1.25 X lOr' cells/ em") densities. Primary cul tures of mouse 
keratinocytes established by this method sta rt as monolayers, 
begin to stratify after 2- 3 clays in culture, continue to stratify 
with the formation of s heets of squames, a nd finally, after 7-10 
days in cul tu re, co ns ist a lmost entirely of beets of la rge polyg
onal squames whi ch spontaneously detach from t he cul tu re 
dish. This morphologic differen tiation is density de pendent; 
dense cul tures d iffe rentiate earlier t han sparse cu ltures. F ig 2 
ind icates that the cultures p lated at the highe r dens ity dis
played a n increase in leve ls of PA at 46 h a nd mainta ined this 
elevated level until the ex periment was terminated . The cul
tures plated at lower cell density ex hibi ted a n ini tially lower 
spec ific activity of PA. At 76 h afte r plating, however, t he level 
of PA in both cul tures was about eq ual (Fig 2) . The increase in 
levels occu rred afte r onset of visual conflu ence in both sets of 
cultures, and co rresponded to the appearance of coa rse fi br ils 
with in the upper laye r o f keratinocytes, which has bee n noted 
to be a phase-cont rast morpho logic indicator of ea rly differen
t iation [13, 14 ,22]. These results demonstrate that PA activity 
in these keratinocyte cu ltu res is density dependent a nd , as in 
the established li nes, correlates with the appearance of mor
phologic cha racte ristics of diffe ren tiation. 

To furt her substantiate the observed corre lat ion of int racel
lul ar levels of PA with diffe rentiation, we exa mined the pattern 
of enzyme activity during the ent ire lifespa n of t hese primary 
mouse keratinocyte cul tures. Levels of t he protease we re meas
ured throughout the culture life to see whether we could 
demo nstrate a prolonged plateau of e levated PA activ ity re lated 
to the sustained a nd continuous d iffe rentiation of the culture. 
The pattern of PA activity is shown in F ig 3, and demonstrates 
a marked pea k of enzyme activity at 78 h and a subsequent 
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FIG 2. ln t.racellular PA in primary mouse keratinocytes. Primary 
mouse kerat.inocyte cultures were plated in high (5 x lOr' cells/em") 
e e, or low (1.25 X 10'' ce lls/em~) •--... density and main
ta ined as indicated. Five micrograms of cell lysate protein, solubi lized 
by sonification of the scraped cell layer, were assayed for PA activity at 
the indicated times. Each point rep resents the mean of duplicate assays 
ca rried out on 2 sepa rate culture dishes. Ba.rs represent range. 
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F' Ir: :J. lnt racc ll ular J>A and rat.e of [" 'Hl-t.hymidine inco rporat ion 
in t.o DNA in primary mouse keratinocyte cul tu res. Two hundred and 
five micro li te rs of kerat.inocyt.e ce ll suspension (- 3 X lOr' cells/ em") 
were plated per 35-mm dish. Determ inations of PA and ["Hl-t hymidine 
incorporation in to DNA were performed at t.he indicat.ed t imes aft.e r 
plating, as described in Fig I. Each point rep resents the mean of 
duplicate assays perfimned on replicate cult ure plates. Bar indicates 
range: e, J>A activ il y; .6. , ["'H l -t.h ~r midine inco rporation. 

dramatic fa ll in enzyme leve l. T his pattern is qualitatively 
similar to the one seen with the established ke ratinocyte line 
(Fig 1). As in t he ke ratinocyte lines, the peak in PA activity in 
the primary cultures was not related to a sudden bm·st or 
decline in DNA synthesis (Fig 3); it occurred when there was 
li ttle ["H)-thymidine inco rporated into DNA. In these primary 
keratinocyte cul tures, morphologic differentiatio n with strati
fication, formation of fib rillaJ· cellula r structmes, and cornified 
enve.lopes start between days 2 and 3 of cul ture, while maximal 
DNA synthesis peaks between clays l a nd 2 [22,23]. 

Relationship ol PA to Differentiation Products 

The pattern of PA production in both the keratinocyte line 
and t he primary cultures demonstrated a peak of activity coin
<.: ident with th e onset of sq uame formation, fo llowed by a 
pronounced decline in PA levels. T he decreased PA activit~, 
was pu zzling, fo r if PA were indeed related to d ifferentiat ion, 
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no decrease in activity would be expected in cul tures which still 
appeared to be morphologically quite differentiated. We theo
rized that perhaps the most differentiated cells, the squames, 
did indeed have high intracellular levels of PA, but were being 
shed into the medium by the desquamative process. These 
squames could have been lost during the washing of the cultures 
prior to P A determination, thereby lowering the total amount 
of assayable enzyme within the keratinocytes attached to the 
cul ture dish. 

To test this hypothesis, the specific activity of the enzyme in 
shed squames was determined and compared to the activi ty of 
cells adherent to the surface of the culture dish. For th ese 
experiments, the keratinocyte line BD VII was used because 
this line differentiates in a near-normal fashion; yet, unlike th e 
primary cult UJ"es, it consists of a uniform cloned population of 
cells. Primary keratinocyte cultures, on the other ha nd, are a 
mixed population of cells, consisting of aggregates of basilar 
and pilar unit cells, as well as some more-mature spinous or 
cornified cells. Another advantage of this cell line is that the 
squames shed from these cultures are shed as single cells rather 
than the sh eets of squames shed in primary cult ures, thus 
facilitating squame quantification. Table II illustrates that there 
is an 8-fold increase in the specific activity of the enzyme in the 
shed cells as compared to the adherent ones. However, th e 
percentage of the total keratinocyte intracellular proteins t hat 
can be so lubilized in detergent-containing buffers varies with 
the state of differentiation of th e cell , i.e., more differentiated 
cells contain more detergent-insoluble protein [14,24]. There
fore, calculations of specific activity based on solubilized cell 
protein may be spuriously decreased or elevated. To obviate 
this problem, P A activity per lOu adh erent or shed cells was 
calculated . In the experiment summarized in Table II, the shed 
cells demonstrated a 30-fold increase in levels of this enzyme as 
compared to the adherent cells. In other similar experiments, 
using different cell lines or different cul ture condi t ions, the 
calculated activity of shed cells varied from 10 to 200 times that 
of the adherent cells (data not shown) . The activity of the shed 
cells, however, was always higher than that of those remaining 
attached to the plate. 

TABLE II. Cell· associated plasminogen activator and cornified 
envelope formation in shed and adherent mouse lzeratinocytes" 

Plasminogen activator 
milliunits/,ug solubilized cell 

protein" 
milliuni ts/10" cells'' 

Percent of total cells resistant 
lod 

l%SDS 
1% SDS, 1% BME 

S hed cells 

2.91 (± 0.62) 

1080 

88.8 (± 11.0) 
48.7 (± 7.2) 

Adherent cells 

0.37 (± 0.8) 

37 

2.5 (± 0.5) 
O.G (± 0. 1) 

" Line BD VII cells, passage 35, were grown to conlluency in 35-mm 
dishes in DMEM 10% FCS. The cul tures were then washed twice with 
PBS, and the medium replaced with DMEM without serum. After 1 h, 
the medium was replaced with fresh serum-fi·ee DMEM, and the 
cultUTes were retumed to the incubator for 48 h, at which time both 
the cells shed into the medium and those adherent to the culture dish 
were separately collected as outlined in Materials and Methods, and 
PA determinations and cell scorings were performed. 

" Intracellular proteins were solu bilized by sanification of collected, 
twice-washed cells in buffer containing 0.5% Triton, 0.1 M Tris-HCl, pH 
8.1. PA determination is the mean (± SD) of duplicate assays performed 
on triplicate plates, using 5 ,ug of cell protein and a 1-h assay incubation. 

,. Calculated by determining the mean total number of milliuni ts of' 
PAper culture dish (triplicate plates) and dividing by the mean number 
of cells adherent to the dish or shed in to the medium (triplicate 
determinations), as outlined in Materials and Methods. 

"Cells were grown as above, and ad herent and shed cells collected 
and scored after treatment for 5 min at room temperature with 0.05 M 

Tris pH 8.1, 1% SDS with or without 1% BME as described in Materia.b; 
and Methods. Determinations represent mean values (± SD) of tripli
cate dishes. 
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Previous work has shown that the terminal differentiation of 
the keratinocyte is marked by the accumulation of disulfide
stabilized keratin within the cell, and by the formation of an 
insoluble, cross-linked, "cornified" envelope [5,23-25]. These 
biochemical markers of differentiation can be detected easily 
by placing cell suspensions in a solution of 1% SDS with or 
without 1% BME [5]. In SDS alone, cells containing nonaggre
gated keratin are totally dissolved; those containing S -S stabi
lized keratin filaments are evident as opaque f1at cells. When 
BME is added, the entire contents ofthe cells, including keratin 
filaments, are dissolved, leaving only the cross-linked cornified 
envelopes which can be scored under the microscope. 

To ascertain that the cells shed into the medium were in fact 
squames, we scored them for the biochemical markers described 
above . The results, as summarized in T able II, indicate that the 
shed cells, which had high levels of P A, were mainly terminally 
differentiated squames. This observation was corroborated by 
the determination of protein concentration of each cell popu
lation solubilized sequentially in Tris buffer alone, 1% SDS/ 
T:ris buffer, and 1% SDS/1% BME/ Tris buffer (data not shown) . 
Thus, the increase in cell-associated P A can be definitively 
correlated with other biochemical aspects of keratinocyte dif
ferent iation. 

DISCUSSION 

Plasminogen activator is an enzyme whose production has 
been associated with normal cells that are involved in either 
local destructive processes or local remodeling. For example, in 
normal involuting mouse mammary glands, levels of P A are 
finely regulated [ 4], and the generation of this localized proteo
lytic activity represents a different iated cell function. The find
ings of our study indicate that enhanced P A activity is also a 
featme of differentiation in the mouse keratinocyte. In cul tures 
of bot h primary mouse keratinocytes and established keratin
ocyte lines, th e level of cell-associated PA increases with the 
increased differentiation of the cells in culture. Increases in the 
specific activity of PA are demonstrated in dense keratinocyte 
cul tures that appear more morphologically differentiated than 
their spa1·se counterparts. Monitoring th e specific activi ty of 
keratinocyte P A during the life span of the cul ture reveals that 
the level of this enzyme slowly increases with the advanced 
differe ntiation of the culture, and decreases shortly after 
squam e formation is noted. The finding of higher levels of P A 
in the cells shed fi·om the culture-which consist primarily of 
squames-indicates that the most differentiated cells possess 
the highest specific activity of P A. Thus, as the keratinocytes 
differentiate, their measum ble levels of cell-associated PA in
crease; the highest P A levels are found in squames that have 
detached fro m the culture smface, perhaps as a result of this 
increased proteolytic activity. Our findings suggest t hat t his 
enzyme may be yet another marker of terminal differen tiation 
of this epidermal cell. 

Increased P A activity has also been considered a distinctive 
property of many neoplastically transformed cells. There are 
numerous examples of increased PA in vira lly, chemically, and 
spontaneously transformed cells, or in malignant t issues when 
compared to their normal counterparts [26- 29]. However, this 
relationship is not absolu te; there are some transformed lines 
that do not exhibit high PA activity [30,31], several nontrans
formed lines that produce relatively high levels [31,32), a nd 
some tissues (notably epithelial) where both the normal and 
malignant cells have high levels of this enzyme [33-35]. Our 
findings with mouse keratinocytes indicate t hat PA activity is 
generally high er (1.5-10X) in the t ransformed keratinocyte lines 
than in the primary cultures. Although it is difficult to deter
mine the degree of tumorigenicity of each line, work currently 
in progress in one of our laboratories (N .E.F.) indicates t hat 
PA activity does not correlate with at least one indicator of 
tumorigenicity-growth in soft agar. The noted correlation of 
PA to the degree of morphologic differentiation attained by 
each line as well as the increased activity in shed squames 
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indicates that enhanced P A activity is, rather, a feature of 
differentiation in these cells. 

It should be noted that the "squames" shed in this in vitro 
system, though they possess insoluble cornified envelopes and 
disulfide-cross-linked keratins, are, in many ways, unlike the 
squames found in the stratum corneum of the skin. The cells 
shed from th e keratinocyte cultures still possess pyknotic nuclei, 
do not show the ultrastructural and biochemical keratin pattern 
of stratum corneum cells, and are generally loosely attached to 
the underlying layers [14,22]. What the levels of PA are within 
the dead squames of the normal murine stratum corneum is 
cwTently unknown. 

All of the P A values in these experiments indicate the total 
amount of assayable enzyme in the cell lysate; relative contri
butions of possible intracellular P A inhibitors are not accou nted 
for. Therefore, the increased levels of PA seen in the more 
mature keratinocytes may be the result of increased synt hesis 
of the enzyme or inactivation of inhibitors of the enzyme. The 
possibility of a specific keratinocyte P A inhibitor is a n attractive 
hypothesis. One could postulate, then, the presence of this 
inhibitor wi thin the basal cells accounting for the low specific 
activity measured in that cell population, and either an inacti
vation, dissociation, or diffusion of the inhibitor during the 
process of differentiation, yielding an apparent increase in en
zyme activity. Indeed, such an inhibitor of PA (urokinase-type) 
has been partially purified from skin [36). 

The role that P A plays in the normal physiology of the 
keratinocyte is unclear. Evidence from other investigators in
dicates that PA-plasmin may play a role in the terminal differ
entiative event of nuclear dissolution in the keratinocyte. 
Though this may be true in suspension cul ture, as Green's work 
demonstrates [5], and in organ ·cul ture as others have shown 
[6], in most cul ture systems where keratinocytes a re grown 
attached to the substratum and immersed within the culture 
medium, nuclear dissolution does not occur, even in the pres
ence of serum plasminogen. Perhaps, even higher intracellular 
levels of P A than those observed in om submerged cul tmes are 
necessary for complete nucleaT dissolution. In any event, in our 
experiments enhanced P A activity was not associated with 
nuclear dissolution. 

Astrup [37] has proposed that epithelial plasminogen acti
vator and the subsequent plasmin generated are important in 
squame shedding. OuT fi ndings of increased in tracellular levels 
of P A in squames shed from the culture sw-face are certainly 
consistent with this hypothesis. However, to postulate any 
physiologic role for P A within the epidermis, it is necessary to · 
demonstrate that the enzyme has access to its only known 
zymogen substrate: plasminogen. S ince other serum proteins, 
such as transferrin, with about the same molecular weight as 
plasminogen, have been demonstrated within the keratinocytes 
of normal skin by immunoperoxidase staining [38), we suspect 
that plasminogen is likely to be present within the epidermis as 
well. Om preliminary evidence indicates that this is indeed the 
case [39]. Our findings suggest that keratinocyte-derived plas
minogen activator and the subsequent generation of plasmin 
within the epidermis play some as yet undefined rol e in kera
tinocyte maturation. 
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Epidermolytic Hyperkeratosis: Ultrastructure and Biochemistry of Skin 
and Amniotic Fluid Cells from Two Affected Fetuses and a Newborn 
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Skin biopsy samples and amniotic fluid cells obtained 
in utero from two fetuses at risk for epidermolytic hy
perkeratosis were examined by light and electron mi
croscopy. Both fetuses were affected; the second was 
carried to term. Epidermal extracts were prepared from 
blisters of the newborn for analysis of keratin and filag
grin proteins. Abnormal clumps of keratin filaments 
were present in all layers of the prekeratinized fetal 
epidermis except the periderm and stratum germinati
vum. A significant population of amniotic fluid cells also 
contained the filament aggregations. Prenatal diagnosis 
of the disease should be possible using cells obtained at 
amniocentesis, thus avoiding fetal skin biopsy. Biochem
ical studies showed abnormalities in keratin and filag
grin proteins. The structural alterations in the tissue 
might be a consequence of altered interaction between 
these two abnormal epidermal proteins. 

Epider.molytic hyperkeratosis (congenital bullous ichthyosi
form erytlu-oderma) is an autosomal dominant disorder of ker
atinization that is characterized histopathologically by hyper
keratosis, intraepidermal bullae, and by the presence of con
densed keratin (tonofilament) bundles in spinous and granular 
cells [1-5]. The filamentous accumulations serve as the primary 
morphologic markers of the disease in the tissue. The mitotic 
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rate of epidermal cells is increased severalfold over normal; 
correspondingly, the transit time is decreased [6]. A biochemical 
basis for the disease has been suggested by the finding of 
decreased amounts of fibrous proteins in the epidermis and the 
absence of 1 of the keratin polypeptides [7]. 

The clinical presentation of the disease is an initial erythro
derma and blistering. The erythroderma usually fades, blister
ing improves, and hyperkeratosis develops. Intense buildup of 
scale is particularly prominent in flexural creases and other 
intertriginous areas [2]. Improvement is usually seen with age 
[1]. 

The disorder has been diagnosed in utero in at least 3 separate 
instances [8,9] on the basis of the ultrastructW'al identification 
of filament aggregations in fetal skin biopsy specimens obtained 
at 19-20 weeks gestation. 

We have examined by light and electron microscopy the skin 
biopsy samples and amniotic fluid (AF) cells from 2 fetuses of 
the same family who were at risk for epidermolytic hyperkera
tosis. Structural data from skin samples from 1 of these fetuses 
have been reported [8]. Biochemical studies of proteins in 
blister epidermis and cornified scale obtained from the affected 
infant (born from the second pregnancy) were also carried out. 
The objectives of these studies were: (1) to document more 
fully ·any structural characteristics of prekeratinized fetal epi-

ical Structure, SM-20, University of Washington School of Medicine, 
Seattle, Washington 98195. 

Abbreviations: 
AF: amniotic fluid 
SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electro
phoresis 
TEM: transmission electron microscopy 




