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Abstract The biosynthesis and the surface localization of the 
urokinase plasminogen activator receptor (uPAR) were analysed 
in MDCK epithelial cells and in unpolarized fibroblasts. No dif- 
ferences were observed with respect to rate of synthesis, nature 
of precursors and time of surface appearance, uPAR was local- 
ized particularly at the focal and cell-cell contacts when expressed 
in fibroblasts. On the contrary, in MDCK cells uPAR was found 
mostly on the apical surface; in agreement with its localization, 
down-regulation of uPAR by the uPA-PAI-1 complex was ob- 
served only from the apical membrane. 
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1. Introduction 

The urokinase- type p lasminogen ac t iva tor  (uPA) and  its re- 
ceptor  (uPAR) are at  the center  of  a complex ne twork  affecting 
cell movemen t  and  thus are involved in many  different physio- 
logical processes as well as pathological  condi t ions  [1,2]. uPAR 
is a heavily glycosylated prote in  with a molecular  weight of  
55,000-60,000, composed  of  three internal  homologous  do- 
mains  and  anchored  to the p lasma m e m b r a n e  by a glycosyl- 
phosphat idyl inos i to l  (GPI)  l inkage [1,2]. The  receptor  for uPA 
is central  to the pleiotropic funct ions  of  uPA, modula t ing  pro- 
uPA act ivat ion,  focusing uPA activity to the cell surface and  
favoring the in ternal iza t ion  of  uPA/inhibi tors  complexes [3]. In 
addi t ion,  receptor  b inding can modula te  cell adhesion,  migra-  
t ion or growth th rough  direct mechanisms  of  signal t ransduc-  
t ion [4 6]. 

lmmunof luorescence  and  electron microscopy studies have 
identified uPA and  uPAR at discrete cell-cell and  cel l -subst ra-  
tum contact  sites [7-9], in agreement  with a funct ion in the 
degrada t ion  of  extra-cellular matr ix  and  thus in cell migrat ion.  
However,  this localization contradic ts  the no t ion  tha t  GPI  an- 
chored proteins  are sorted preferential ly to the apical surface 
in polarized epithelial cells [10,11]. Here, we have analyzed the 
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Abbreviations: uPA, urokinase-type plasminogen activator; pro-uPA. 
pro-urokinase', uPAR, urokinase-type plasminogen activator receptor: 
GPI, glycosylphosphatidylinositol; ATF, amino-terminal fragment of 
uPA: PAl-I, plasminogen activator inhibitor type-l; PI-PLC, 
phosphatidylinositol-specific phospholipase C; Sulfo-NHS-Biotin, sul- 
fosuccinimidobiotin; DSS, N,N'-disuccinimidyl suberate; TX-100, Tri- 
ton X-100: MDCK, Madin Darby canine kidney cells. 

biosynthesis  of  uPAR and its surface expression, s tudying the 
t ime of  appearance ,  the nature  of  precursors  and  the localiza- 
t ion in polarized epithelial cells and in unpolar ized fibroblasts.  

2. Materials and methods 

2.1. Materials 
Following reagents were kindly donated: monoclonal anti-uPAR 

antibodies R2, R3, R4 [12] by E. Ronne and G. Hoyer-Hansen and were 
purified by G-Protein affinity cromatography (Mab-Trap, Pharmacia); 
monoclonal antibody recognizing the Na+/K+-ATPase alfa subunit [13] 
b~ M.J. Caplan; ATF, the amino-terminal fragment of uPA (residues 
1 143) by J. Hcnkin: two chain uPA by M.L. Nolli: recombinant active 
PAI-I [14] by 1). Ginsburg. Rabbit anti-uPAR polyclonal serum was 
obtained by immunizing animals with a purified soluble form of uPAR 
(suPAR) [15] and was affinity purified on a suPAR-conjugated agarose 
column. Rhodamine-conjugated swine anti-rabbit IgG were from Da- 
kopatts. PI-PLC from R cereus and endoglycosidase H were IYom 
Boehringer Mannheim GmbH. Sulfosuccinimidobiotin (Sulfi>NHS- 
Biotin) and N,N'-disuccinimidyl suberate (DSS) were from Pierce. 
Phenylmethylsulfonyl fluoride (PMSF), n-Butyric acid sodium salt, tu- 
nicamicyn, strepdavidin-agarose and mouse lgG~ (MOPC-21) were 
from Sigma. The uPA PAI-I complexes were formed as previously 
described [16]. 

2.2. Cell culture and trans/eetions 
Cells were grown continuously as monolayers in Dulbeccos Modi- 

fied Eagle's medium (D-MEM) supplemented with 5% fetal calf serum. 
LB6 Clone 19 cells have been previously described [17]. MDCK cells 
(strain ll) [18] were a kind gift from Dr. K. Simons (E.M.B.L., Hei- 
delberg, Germany). Polarization of MDCK cells was ensured by grow- 
ing monolayers for at least 6 days on Transwell filters. 

DNA transfection was performed by the calcium phosphate precipi- 
tation technique [19]. 

2.3. Cro.vs'-linking, binding assay am/imrnunofluorescence 
lodination of ATF, cross-linking of [~>I]ATF to uPAR with DSS, 

Triton X-114 phase separation and PI-PLC treatmenl were carried out 
as described [20]. Binding assays on cells plated for 24 hours on a 
96-well plate, was carried out with iodinated ATF, as described [17]. 

Polarized monolayers of MDCK/uPAR were fixed in 3% parafor- 
maldehyde in pH 7.4 PBS-sucrose (2%) for 15 min at room temperature, 
rinsed, and incubated 1 h at 37°C with polyclonal anti-uR4R antibod- 
ies (20/ag/ml). Antibodies were added from both the apical and the 
basolateral compartements. Visualization and microscopy followed 
standard procedures. Samples were analysed with a Sarastro 2(}00 con- 
focal laser scanning microscope (Molecular Dynamics) fitted onto an 
Axiophot fluorescence microscope (Zeiss). Data are presented both as 
serial optical sections of 0.2 ,urn in the Z axis or as projections in the 
)(. }" phme. 

2.4. Metabolic labeling and immunoprecipitalion 
Conflent cells monolayers were stimulated overnight with 10 mM 

sodium butyrate in D-MEM + 5% FCS: cells were subsequently starved 
for 30 rain in methionine- and cysteine-free D-MEM and pulse-labeled 
at 37°C with 300 yCi/ml of [35S]-TransLabel (ICN). Cells were thus 
chased in complete medium (D-MEM + 5~ FCS + I{) mM methionine 
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and cysteine) for the indicated times. Extracts were made in StaphA 
buffer (10 mM sodium phosphate, pH 7.4, 150 mM NaC1, 1% TX-100, 
0.5% deoxycholate, 0.1% SDS, 2 mM PMSF and 50/lg/ml aprotinin). 
When appropriate, tunicamycin (2 ¢tg/ml) was added to the medium for 
1 h before the addition of radioactive label and included during the 
pulse and chase periods. 

Lysates were precleared with an irrelevant isotype-matched mAb 
(MOPC-21) coupled to GammaBind-G Sepharose (Pharmacia) and the 
supernatants immunoprecipitated with the indicated antibodies with 
GammaBind-G Sepharose. For digestion with Endoglycosidase H, im- 
muno complexes were treated overnight at 4°C with 50 mU/ml endogly- 
cosidase H in 20 mM sodium phosphate, pH 6.0, 20 mM NaC1. 

2.5. Domain-selective cell surface biotinylation 
Surface localization of uPAR on polarized MDCK cells was 

tested by treating cells with sulfo-NHS-Biotin (1 mg/ml) added to the 
basolateral (1,5 ml) or to the apical compartment (0.5 ml) of the 
Transwell unit. Cells were handled as described [21], extracted in 
StaphA buffer, immunoprecipitated, electrophoresed and transferred 
on nitrocellulose. Biotinylated proteins were detected with [~25I]strep- 
tavidin (Amersham). In some experiments, before selective cell 
surface biotinylation, cells were first incubated with ligands, applied 
to either the apical or the basolateral surface of cell monolayers, at 4°C 
for two hours. 

3. Results 

3.1. Characterization of  MDCK, NIH3T3 and LB6 cells 
expressing transfected human uPAR 

An SV40-driven full length human  uPAR cDNA [17] was 
transfected into NIH-3T3 or M D C K  strain II cells. Stably 
transfected LB6 cells expressing human uPAR have already 

a b 
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been described [17]. Proper expression of uPAR was assessed 
by immunoblot t ing,  sensitivity to PI-PLC, phase separation in 
Tri ton X-114, electrophoretic mobility and direct binding ex- 
periments. These experiments showed that all clones expressed 
a ca. 55 kDa human uPAR properly GPI-anchored in the 
membrane,  as demonstrated by PI-PLC sensitivity (not shown). 
Clones were chosen (henceforth referred to as NIH/uPAR, 
M DC K/uP AR  and LB6 Clone 19) displaying a comparable 
number of receptors (approximately 6-8 x 105 binding sites per 
cell). Scatchard plot analysis indicated a single class of binding 
sites with similar affinity towards [12sI]ATF (data not  shown). 

3.2. Immunolocalization of  uPAR on the cell surJace 
In polarized epithelial cells GPI-anchored proteins are pref- 

erentially targeted to the apical surface [10,11]. We analyzed the 
distribution of uPAR in non  permeabilized polarized M D C K  
cells, by indirect immunofluorescence and laser scanning confo- 
cal microscopy. In parallel, analysis of the cell surface distribu- 
tion of uPAR was also performed on non  permealized NIH/  
uPAR and LB6 Clone 19 cells. Controls using pre-immune sera 
or secondary antibodies alone gave no staining (data not 
shown). Fig. 1 shows serial optical sections from the basal to 
the apical membrane of MDCK/uPAR.  Strong staining was 
detected at the apical surface (i.e. sections in panels g to j), 
indicating that the receptor was particularly concentrated at 
this pole of the cells; in addition, uPAR was also localized along 
the lateral surface, as shown by the strong inter-cellular staining. 
The signal of M DC K/uP AR  cells showed a punctate pattern, 

c 
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Fig. 1. Immuno-localization of uPAR on non permealized polarized MDCK/uPAR cells. MDCK/uPAR cells were grown on Transwell filters, fixed 
with 3% paraformaldehyde, incubated with an affinity purified rabbit anti-uPAR polyclonal antibody (20/~g/ml) added to both the apical and the 
basolateral compartments and revealed with a rhodamine-conjugated swine anti-rabbit IgG (30 ,ug/ml). Optical sections increasing by 0.5 mm along 
the Z axis, obtained with a scanning laser confocal microscope, are shown from the basal (a) to the apical level (j). A sagittal projection of one cell 
is also shown (k). Bars = (a~) 24 mm, (k) 7 mm. 



P Limongi ct al. IFEBS Letters 369 (1995) 207-211 209 

I l l  

c -  

1 O0 

8 0  

6(I 

4 0 

20  

A B 

/ 

A B 

1 2 3 4 5 6 

100  

7 5 -  

. - -  5 0 -  

m 2 5 -  

A B A B A B 

Fig. 2. Surface expression and uPA/PAl-l-induced downregulation of 
uPAR in polarized MDCK/uPAR cells. Top: Polarized MDCK/uPAR 
cells, grown on Transwell filters, were biotinylated either on the apical 
(A) or the basolateral surface (B). Cell extracts were immunoprecipi- 
tated with anti-uPAR mAbs, run on SDS-PAGE, transferred to nitro- 
cellulose and probed with [~251]strepdavidin (Inset). Autoradiograms 
from three independent experiments were quantitated by densitometric 
scans and results expressed as percent of apical (A) or basolateral (B) 
uPAR surface expression. Bottom: Filter grown MDCK/uPAR cells 
were incubated with binding medium alone (lanes 1 and 2), 10 nM free 
uPA (lanes 3 and 4) or 10 nM preformed uPA PAI-1 complexes (lanes 
5 and 6) for 2 h at 4°C. Ligands were added either to the apical (A) or 
the basolateral (B) compartment of the Transwell unit. Cells were 
shifted at 37°C for 1 h to allow internalization of uPAR, biotinylated, 
lysed and immunoprecipitated as in the top panel. Quantitative meas- 
urements were obtained by densitometric scanning of autoradiograms 
from two independent experiments and results expressed as percent of 
uPAR in the apical (A) or basolateral (B) compartment. 

indicating a clustered distribution of uPAR at the cell surface. 
No basal membrane staining was observed (see sections in 
panels a, b). The data of the optical sections a through j were 

saved as 512 x 512 pixed images and then processed as TIFF 
files, on a Silicon Graphics Workstation to reconstruct a sagit- 
tal projection. The apical and lateral localization of uPAR was 
even clearer in this reconstructed projection (Fig. 1, panel k). 
In NIH/uPAR cells, a different distribution was observed, sim- 
ilar to that previously reported [9]: the receptor appeared in 
discrete patches of staining, localized primarily to cell-cell bor- 
ders and to cell-substratum contact areas (ventral lace), while 
it was almost completely absent at more apical levels (not 
shown). A similar staining pattern was obtained in LB6/uPAR 
cells (not shown). 

Apical surface distribution of uPAR in polarized MDCK/ 
uPAR cells was also investigated by domain selective surface 
biotinylation. Polarized MDCK/uPAR cells were selectively 
labeled either from the apical or the basolateral surface with 
sultb-NHS-biotin, lysed, immunoprecipitated with specific 
anti-uPAR antibodies and revealed by blotting, binding to 
[~25I]streptavidin and autoradiography (Fig. 2A, inset). As a 
marker for basolateral localization, we used antibodies directed 
towards the alfa subunit of Na+/K + ATPase [13]. Results of 
three independent experiments, summarized in Fig. 2A, showed 
that uPAR was preferentially expressed on the apical surface 
of MDCK cells (82% apical), while the Na+/K + ATPase showed 
the typical basolateral localization (more than 98% basolateral) 
(not shown). The electrophoretic analysis of the immunoprecip- 
itated biotynylated uPAR revealed, in addition to the 55 kDa 
band, a second 40-50 kDa band (Fig. 2A, inset), most probably 
representing the cleaved uPAR lacking the ligand-binding do- 
main 1, described for other cell lines [22]. In fact, while the 
40 55 kDa xariant could be also observed in Western blot 
experiments using R2 antibodies, it did not show up in 
crosslinking assays (not shown). A similar result was observed 
in NIH/uPAR and LB6 Clone 19 cells under the same experi- 
mental conditions (not shown). 

3.3. Biosynthesis q / u P A R  in M D C K  cells and.[ibrobhlsts 
We next carried out pulse-chase experiments to investigate 

the biogenesis of newly synthesized uPAR. LB6/uPAR cells 
were pulse-labeled with [35S]-TransLabel for 15 min, chased for 
various times and solubilized with StaphA buffer (see section 
2). Immunoprecipitates obtained with a mixture of three anti- 
uPAR monoclonal antibodies (R2, R3 and R4) [12] were ana- 
lyzed by SDS-PAGE and fluorography. As a control, an irrel- 
evant isotype-matched monoclonal antibody was used (Fig. 3A, 
first lane). After the pulse, two polypeptides of 41 and 44 kDa 
were specifically immunoprecipitated by the anti-uPAR mAbs 
(Fig. 3A). During the chase period, the label in these polypep- 
tides decreased and the mature receptor (55 -60 kDa) began to 
appear. By 2 hours, mature uPAR was tile only labeled poly- 
peptide immunoprecipitated. Similar data were obtained with 
a 5 min pulse, except that most of the radioactivity was incor- 
porated into the 41 kDa polypeptide (not shown). The 41 and 
44 kDa bands may represent immature glycosylation products. 
To test this point, digestion of the immunoprecipitates with 
endoglycosidase H was carried out. While this treatment did 
not alter the migration of the 55 60 kDa band in SDS-PAGE 
(as previously reported) [23], the apparent molecular weight of 
the precursor was reduced from the 41 and 44 kDa to 32 kDa 
(Fig. 3C). Further proof was obtained by pretreatment of the 
cells with tunicamycin, a drug that completely inhibits addition 
of all N-linked oligosaccharide chains [24]. Under these condi- 
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tions, again the 32 kDa band (arrow) appeared as the only 
specific immunoprecipitated product (Fig. 3B). When the same 
experiments were performed in NIH/uPAR and polarized 
MDCK/uPAR,  we observed an identical pattern as well as 
identical t iming for uPAR maturat ion (not shown). Thus, bio- 
synthesis of uPAR seems to follow the same pattern in both 
polarized and unpolarized cells. 

Surface appearance of mature uPAR was analysed by com- 
bining pulse-chase experiments with surface biotinylation [25]. 
Cells were pulse-labeled as described before and the appearance 
of surface uPAR was monitored by biotinylation at various 
periods of chase. To identify cell surface labeled uPAR, im- 
munoprecipitates were boiled in 10% SDS buffer, reprecipi- 
tared with Streptavidin-agarose beads and analysed by fluoro- 
graphy, after SDS-PAGE. Mature uPAR appeared at the cell 

Fig. 3. Biosynthesis of uPAR in LB6 Clone 19. (A) LB6 clone 19 cells 
were pulse labeled with [35S]TransLabel for 15 min and chased for the 
indicated times (see section 2). Cells were lysed, immunoprecipitated 
with anti-uPAR antibodies and analysed by SDS-PAGE. Control im- 
munoprecipitation with an irrelevant isotype-matched antibody of ly- 
sates at 0 min chasing time is shown in the first lane. Arrows indicate 
the 41 and 44 kDa uPAR precursors. The position of the mature form 
of uPAR is also indicated. (B) Effect of tunicamycin on uPAR biosyn- 
thesis. LB6 Clone 19 cells were pre-incubated for 1 h at 37°C in labeling 
medium in absence (left panel) or in presence of 2 mg/ml tunicamycin 
(right panel). Cells were then pulse-labeled for 15 min and then directly 
lysed (lanes 1, 3 and 4) or chased for 2 h before lysis (lanes 2 and 5). 
Tunicamycin, when present, was maintained at the same concentration 
throughout the experiment. Lanes 1, 2, 4 and 5 represent immunopre- 
cipitates with anti-uPAR mAbs, lane 3 represents an immunoprecipita- 
tion with an irrelevant IgGl mAb. The position of the 32 kDa not- 
glycosylated uPAR is shown by an arrow on the right. (C) Effect of 
endoglycosidase H digestion on uPAR-precursors. LB6 clone 19 cells 
were pulse-labeled, chased for the indicated times, lysed and im- 
munoprecipitated, lmmuno complexes were recovered on GammaBind 
G Sepharose, resuspended, incubated with (+) or without (-) 50 mU/ml 
endoglycosidase H and electrophoresed. The position of the 4l and 44 
kDa precursors and 32 kDa deglycosylated uPAR are indicated by an 
arrow on the right. 

surface of N1H/uPAR, MDCK/uPAR and LB6 Clone 19 after 
1 hour of chase (not shown) in agreement with the previous 
extimate. 

3.4. uPA-PAI-1 clearance from the cell surface o f  MDCK/ 
uPAR 

Binding of uPA PAI-1 complexes to uPAR results in the 
internalization and degradation of the ligand [26]. In human 
U937 cells, internalization of uPA PAI-1 complexes is accom- 
panied by down-regulation of uPAR [16]. This mechanism has 
been verified in several cell lines, including LB6 Clone 19 cells 
(not shown). Internalization and degradation of human uPA 
and uPA/PAI-1 pre-formed complexes were assayed in 
MDCK/uPAR cells. MDCK/uPAR cells were able to internal- 
ize and degrade human  uPA/PAI-1 complexes, although with 
a lower efficiency than LB6 Clone 19 cells (data not  shown). 
We therefore assayed for a differential downregulation of 
uPAR from the apical versus the basolateral surface of MDCK/  
uPAR cells. Polarized M DC K/uP AR  cells, grown for several 
days on Transwell filters, were incubated at 4°C for two hours 
with uPA or with pre-formed uPA PAI-1 complexes, added 
either to the apical or to the basolateral compartment  of the 
Transwell unit. Cells were then shifted at 37°C for 1 h. After 
this time, whole cells were biotinylated, lysed and cell extracts 
immunoprecipitated with polyclonal anti-uPAR antibodies. As 
shown in Fig. 2B, the amount  of mature uPAR immunoprecip- 
itated from the apical surface of MDCK/uPAR incubated with 
uPA/PAI-I complexes (Fig. 2B, lane 5), was clearly reduced 
with respect to cells incubated with free uPA (lane 3) or in the 
absence of ligand (lane 1). The down-regulation of uPAR did 
not  affect the low molecular uPAR variant on the cell surface, 
as expected. On the other hand, no reduction was observed in 
the uPAR recovered from the basolateral compartment  (Fig. 
2B, lanes 2, 4, 6). We controlled that the efficiency of the 
anti-serum in immunoprecipitat ing free uPAR or uPAR/uPA 
and uPAR/uPA PAI-I complexes was indeed the same (not 
shown). 
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4. Discussion 

We have analyzed the biosynthesis  and  cell surface localiza- 
t ion of  uPAR. The earliest precursor  tha t  could be visualized 
after  a 5 rain pulse was a 41 44  kDa  doublet ,  whose molecular  
mass was decreased to a single band  of  32 kD a  upon  endogly- 
cosidase H t rea tment  of  the immunoprec ip i t a ted  precursor,  or 
tunicamycin  t r ea tment  of  the cells. Therefore  the two 41 and 
44 kDa bands  represent  differently glycosylated precursors.  
The  min imum molecular  weight, 32 kDa,  is essentially identical 
to tha t  of  fully de-glycosylated ma tu re  uPAR [20] and  to the 
size expected for the precursor  on the basis of  the amino  acid 
sequence [17]. The nascent  protein may have been already proc- 
essed at the C- terminus  and  its GPI  anchor  a t tached.  The 
migra t ion  of  immunoprec ip i ta ted  uPAR precursors  did not  
change  in different cell lines, no r  did the t ime-course of  ma tu ra -  
tion. In bo th  fibroblastic LB6 and  NIH-3T3 and  in epithelial 
M D C K  cells, h u m a n  uPAR reached its lull and  final molecular  
weight m abou t  one hour. At this time, b iot inyla t ion experi- 
ments  in M D C K / u P A R  cells showed that  uPAR was beginning 
to appear  on the apical cell surface. 

In M D C K  cells, uPAR was polarized at the apical and  lateral 
surface as shown by immunofluorescence,  domain-select ive 
surtace biot inyla t ion and  uPA/PAI- l - induced  down-regula-  
tion. The polarized apical d is t r ibut ion of  uPAR in M D C K  cells 
compared  to the nonpolar ized,  basal  d is t r ibut ion  in fibroblasts,  
suggests a differential  funct ion associated with the presence of  
uPAR at different sites. Apically, uPAR will have  access to 
circulat ing uPA or uPA PAl-1 complexes, and  this may sug- 
gest a role in their  clearance. The specific apical uPA PAI-I 
mediated down-modu la t ion  of  uPAR is in line with this possi- 
bility. The fact tha t  the addi t ion of  uPA PAI-I f rom the baso-  
lateral c o m p a r t m e n t  did not  lead to a down-regula t ion  of  
uPAR, is in agreement  with the presence of  uPAR at sites not  
accessible lo the medium. Whethe r  the basal  or apical distr ibu- 
t ions of  uPAR reflect different funct ions awaits  direct experi- 
menta l  proof. 
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