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Abstract

Mice homozygously deficient for the urokinase-type plasmi-
nogen activator (u-PA) receptor (u-PAR'~) were generated
by homologous recombination in D; embryonic stem cells.
The genomic sequences comprising exon 2 through 5 of the
u-PAR gene were replaced by the neomycin resistance gene,
resulting in inactivation of both u-PAR splice variants. The
inactivated u-PAR allele was transmitted via mendelian in-
heritance, and u-PAR~'~ mice displayed normal viability,
growth, and fertility. Inactivation of u-PAR was confirmed
by the absence of binding of rabbit anti-murine u-PAR or of
an aminoterminal fragment of murine u-PA (mu-PA.1-48)
to u-PAR ™'~ embryonic fibroblasts and macrophages.

u-PAR~~ mice displayed normal lysis of a murine
plasma clot injected via the jugular vein. Invasion of mac-
rophages into the peritoneal cavity after thioglycollate stim-
ulation was similar in u-PAR™~ and u-PAR** mice.
u-PAR - peritoneal macrophages had a threefold de-
creased initial rate of u-PA-mediated plasminogen activa-
tion in vitro but degraded extracellular matrix proteins in
vitro as efficiently as u-PAR*'* macrophages.

Portions of this study have been published in abstract form (1994, Fi-
brinolysis. 8 [Suppl. 1]: 51).

Preliminary data on the phenotype of u-PAR-deficient mice were
reported by J. Degen et al. at the XIIth International Congress on Fi-
brinolysis and Thrombolysis, 18-22 September 1994 in Leuven, Bel-
gium. Qualitatively, the results looked similar to those reported in the
present study. These data were published during the revision of the
present paper (Bugge, T.H., T.T. Suh, M.J. Flick, C.C. Daugherty, J.
Romer, H. Solberg, V. Ellis, K. Dang, and J.L. Degen. 1995. The re-
ceptor for urokinase-type plasminogen activator is not essential for
mouse development or fertility. J. Biol. Chem. 270:16886-16894.).
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Thus, u-PAR ™'~ mice are viable, healthy, and fertile; they
have a normal endogenous thrombolytic capacity but an im-
paired u-PA-mediated plasminogen activating potential. (J.
Clin. Invest. 1996. 97:870-878.) Key words: gene targeting «
embryonic stem cells « homologous recombination « extra-
cellular proteolysis « fibrinolysis

Introduction

The identification on blood monocytes (1) and various other
cell types (reviewed in reference 2) of a specific, high-affinity
receptor for urokinase-type plasminogen activator (u-PA),
called the u-PA receptor (u-PAR), has suggested a role for the
u-PA/u-PAR system in providing localized extracellular pro-
teolytic activity. Its expression by a variety of migratory cells
(reviewed in references 2-4) and more particularly its polariza-
tion at the leading edge of migrating cells (5, 6) has suggested
involvement in cell invasion through extracellular matrices.
Localized extracellular proteolysis may play a role in physio-
logical processes such as macrophage invasion, ovulation, an-
giogenesis, wound healing, and in pathological conditions in-
cluding inflammation and cancer metastasis (2-4, 7). The
u-PAR was shown to be a highly glycosylated 55-60-kD cell
surface protein linked to the cell membrane by a glycosyl-
phosphatidylinositol anchor (8, 9). The mature protein consists
of three homologous cysteine-rich domains, the first of which
comprises the u-PA binding domain (10). The receptor binds
both single-chain and two-chain u-PA without inactivation,
thus concentrating plasmin generation at the cell surface (2); it
may be involved in internalization of u-PA/inhibitor com-
plexes (5, 11, 12) and in signal transduction (13-15).

The involvement of the u-PA/u-PAR system in the above
described phenomena is largely deduced from indirect evi-
dence. Additional evidence was obtained in mice deficient in
u-PA, which show occasional fibrin depositions, enhanced en-
dotoxin-induced thrombosis, impaired macrophage function,
and greatly reduced neointima formation after arterial injury
(16, 17). To establish the in vivo role of soluble versus recep-
tor-bound u-PA, we have generated mice deficient in u-PAR
and have analyzed the effect of u-PAR gene inactivation on vi-
ability, development, and reproduction, and on extracellular
proteolytic capacity.

1. Abbreviations used in this paper: CNBr, cyanogen bromide; ES,
embryonic stem; mABS, milliabsorbance; mu-PAR, murine u-PA re-
ceptor; PA, plasminogen activator; PGK, phosphoglycerokinase; Ptd-
Ins-PLC, phosphatidylinositol-specific phospholipase C; t-PA, tissue-
type PA; u-PA, urokinase-type PA.



Methods

Animals. The mice were kept in microisolation cages on a 12 h day/
night cycle and were fed regular chow. Housing and procedures in-
volving experimental animals were performed in accordance with
protocols approved by the Institutional Animal Care and Research
Advisory Committee of the K. U. Leuven, Belgium.

Proteins and reagents. Human plasminogen, plasmin, fibrinogen,
and cyanogen-bromide (CNBr)-digested fibrinogen were obtained
and characterized as previously described (18). Recombinant human
single-chain u-PA (hu-scu-PA) was kindly provided by Griinenthal
AG, Aachen, Germany. Recombinant murine scu-PA (mu-scu-PA)
was obtained using a recombinant baculovirus/insect cell expression
system. The aminoterminal fragment of murine u-PA containing
amino acid residues 1-48 (mu-PA.1-48) was kindly provided by Chi-
ron Corporation, Emeryville, CA. Polyclonal rabbit anti-murine
u-PAR antibody was a kind gift of F. Blasi (A.S. Raffaele Scientific
Insititute, Milan, Italy). Phosphatidylinositol-specific phospholipase
C (Ptd-Ins-PLC) from Bacillus cereus was obtained from Boehringer
Mannheim (Brussels, Belgium).

Construction of the gene targeting vector. The u-PAR gene was
isolated from a D; embryonic stem (ES) cell genomic DNA library
(obtained from R. Jaenisch, Whitehead Institute, Massachusetts
Intstitute of Technology, Cambridge, MA). A total homology of 8.3
kb was included into the parental pPNT vector which contains a neo-
mycin phosphotransferase and a Herpes simplex virus thymidine ki-
nase expression cassette (19), as outlined in Fig. 1. The gene encoding
murine u-PAR is organized into 7 exons, of which exon 1 encodes the
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Figure 1. Outline of the strategy to disrupt the murine u-PAR gene.
The targeting vector pPNT.u-PAR used for the inactivation of the
u-PAR gene, the wild-type u-PAR allele, and the homologously re-
combined allele are schematically represented. The targeting vector
contains the neomycin resistance gene (neo) and the Herpes simplex
virus thymidine kinase gene (hsv-tk) to allow for double selection of
homologous recombination events. Expression of neo and hsv-tk was
under the control of the phosphoglycerokinase promoter (19). Tran-
scription of both selectable marker genes was in the same direction as
the endogenous u-PAR gene. Hatched areas represent the genomic
fragments used as flanking regions in pPNT.u-PAR. Black boxes in
the genomic structure represent exons. The cross-hatched area in
exon 4 represents the sequence included in the alternatively spliced
mu-PAR2 mRNA (21). Upon homologous recombination, the neo
gene replaced a 10-kb genomic sequence comprising exons 2 through
5. The expected restriction fragments of the wild-type and the mu-
tated allele are indicated with their relative size by underlining. Black
boxes under the genes represent the probes used for Southern blot
analysis. Probe a is a 0.2-kb Stul-Xbal genomic fragment located
downstream of the 3’ flanking region. Probe b is a 0.8-kb EcoRI-
BstEII genomic fragment located upstream of the 5’ flanking region.
Probe c is a 0.6-kb Pst I fragment from the neo gene.

signal peptide; the three homologous domains are each encoded by
two separate exons (20). In a first step, a 2.5-kb Xhol-Scal fragment
containing exons 6 and 7 was prepared in which the Xhol site was
blunted and Xbal linkered. This fragment was then ligated into
BamHI (blunted)-Xbal-restricted pPNT, yielding pPNT.3' u-PAR
(not shown). This ligation resulted in the deletion of the Xhol site
and the generation of a novel Xbal site at the 5’ end of the 3’ flanking
region (Fig. 1). Subsequently, a 5.8-kb BstEII fragment comprising
exon 1 and ~ 4 kb upstream sequence was blunted, Xhol-linkered,
and cloned into Xhol-restricted pPNT.3" u-PAR. Correct orientation
of the 5’ flanking region was verified by appropriate restriction digest
analysis. The neomycin resistance gene expression cassette in the re-
sultant targeting vector pPNT.u-PAR (Fig. 1) thus replaced a 10-kb
genomic fragment comprising exons 2 through 5. This represents a
deletion of the sequences encoding the aminoterminal two-thirds of
the mature receptor protein which includes the u-PA binding domain
(encoded by exons 2 and 3) as well as the region of alternative splic-
ing (exon 4:5) (20, 21).

Embryonic stem cell culture and transfection. D; embryonic stem
cells (22) (obtained from R. Hynes, Massachusetts Intstitute of Tech-
nology, Cambridge, MA) were cultured and electroporated with Notl
linearized pPNT.u-PAR and targeted clones were obtained as de-
scribed previously (23).

Generation of chimeric and u-PAR deficient mice. Targeted clones
containing a disrupted u-PAR gene were injected into C57BL/6 (Har-
lan, LPB, The Netherlands) host blastocysts as described (24). In-
jected embryos were transferred into pseudopregnant B6D,F, (Har-
lan) foster mothers. Chimeric animals, identified by the presence of
agouti coat pigmentation, were test bred to C57BL/6 mice for germ-
line transmission. Heterozygous u-PAR-deficient agouti offspring
were identified by Southern blot analysis of tail tip genomic DNA.
Brother-sister mating was carried out to generate homozygous
u-PAR-deficient progeny.

Southern blot analysis of genomic DNA. DNA was isolated from
ES cell clones or from mouse tail tips and was digested with the indi-
cated restriction enzymes for Southern blot analysis as described (23,
25). Correct homologous recombination at the 3’ end was confirmed
by hybridization of Xbal-, EcoRV- or BamHI-digested genomic
DNA with a 0.2-kb Stul-Xbal fragment located downstream of the 3’
flanking region (Fig. 1, probe a). This probe detected a 5-kb Xbal
wild-type and a 3.5-kb Xbal mutant fragment, a 6-kb BamHI wild-
type and 5.5-kb BamHI mutant fragment, and a 10-kb EcoRV wild-
type and 9.3-kb EcoRV mutant fragment (Fig. 1). To screen for cor-
rect homologous recombination at the 5’ end, a 0.8-kb EcoRI-BstEII
fragment located upstream of the 5’ flanking region was used (Fig. 1,
probe b) that detected an 11-kb EcoRI-HincIl wild-type fragment
and a 9.5-kb EcoRI-HinclI mutant fragment (Fig. 1). To exclude ad-
ditional random integration of the targeting vector, a 0.6-kb PstI frag-
ment of the neo gene (Fig. 1, probe ¢) was used to verify the presence
of a single 9.5-kb EcoRI-HincII fragment of the mutated allele.

Reverse transcriptase (RT)-PCR analysis. Primary embryonic fi-
broblast cells were prepared from 13.5-d-old u-PAR™* or u-PAR™~
embryos using standard isolation and culture procedures (26). Poly-
adenylated RNA (polyA RNA) was extracted from the cells after a
24 h culture in the presence of 160 nM PMA, using the Quick Prep
mRNA purification kit from Pharmacia Biotech Benelux (Roosendaal,
The Netherlands) and was submitted to first-strand cDNA synthesis
by oligo(dT) priming using the Pharmacia Ready-to-Go T-primed
First Strand kit. The reaction products (RT-cDNA) were then used in
PCR amplification with different sets of primers as indicated. PCR
primers annealing in the neo gene were: 5'-ATTGAACAAGATG-
GATTGCAC-3' (nt 744 to 764 in PMCINeo; Stratagene, La Jolla,
CA) (see Fig. 3, primer a) and 5'-TTCGTCCAGATCATCCT-
GATCGAC-3' (nt 1220 to 1197 in PMC1Neo) (Fig. 3, reverse primer
b). PCR primers annealing in mu-PAR, with nucleotide numbering
according to the mu-PAR1.cDNA sequence (21), were : 5'-CAA-
CAGGACCATGAGTTACCGCATGG-3' (nt 233 to 258; Fig. 3 B,
exon 3 primer), 5'-AGTGGGTGTAGTTGCAACACTTCAG-3' (nt
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600 to 576; Fig. 3 B, exon 5 reverse primer), 5'-TGCTGTTGCTG-
GCGACTACCTGTGTC-3' (nt 40 to 65; Fig. 3, exon 1 primer c),
5'"TCAGGTCCAGAGGAGGACGCCCCATAGTCC-3' (nt 995 to
966; Fig. 3, exon 7 reverse primer d), and 5'-TTGATGAGAGACGC-
CTCTTCGGAGGAAC-3' (nt 705-688; Fig. 3, exon 6 reverse primer
e). The RT-PCR products were analyzed by separation on a 1% agar-
ose gel. PCR amplification products were purified directly using the
QIAquick Spin PCR Purification Kit or from the agarose gel using
the QIAquick Gel Extraction Kit (Qiagen, Westburg, Leusden, The
Netherlands). The purified DNA was then subjected to cycle-
sequencing using the Pharmacia Auto Cycle Sequencing kit with
FITC-labeled primers annealing at different sites within mu-PAR
exon 1 (sense primers), exon 6 or 7 (antisense primers), or in the neo
gene (sense primers).

ELISA assay on coated embryonic fibroblast cells. Primary embry-
onic fibroblast cells prepared from u-PAR™*, u-PAR™~, or u-PAR™~
embryos were plated at a density of 60,000 cells/well on 96-well plates
after gelatinization of the wells for 10 min with 0.2% gelatin. After
overnight culture, the cells were incubated for 2 h with DME (Gibco
BRL, Life Technologies, Merelbeke, Belgium) without or with phos-
phatidylinositol phospholipase C (final concentration of 2 U/ml) in
the absence of serum. The wells were washed with PBS and blocked
for 1 h at 37°C with gelatin (200 pl/well of a 3% solution in PBS). The
cells were then incubated for 1 h at room temperature with purified
rabbit anti-murine u-PAR (final concentration 30 wg/ml) or with an
irrelevant polyclonal antibody (rabbit anti-murine IgG, final concen-
tration 10 pg/ml) (Dako-Immunoglobulins, Prosan, Ghent, Belgium)
and washed three times with PBS containing 0.1% BSA and 0.002%
Tween 80. Bound rabbit anti-murine u-PAR was detected using
horseradish peroxidase-labeled goat anti-rabbit IgG (Bio-Rad Labo-
ratories, Richmond, CA) (1:2,000 dilution, 1 h incubation at room
temperature) preincubated for 2 h at room temperature with preim-
mune mouse serum (10% final concentration). Binding was deter-
mined as the optical density at 405 nm measured 30 min after addi-
tion of peroxidase substrate. Values obtained in a series of control
wells incubated with buffer instead of rabbit polyclonal antibodies were
used to correct for background binding of the secondary antibody.

Isolation of in vivo-stimulated peritoneal macrophages. Peritoneal
exudate cells were obtained from 4 to 6-wk-old u-PAR™'*, u-PAR™'~,
and u-PAR™"™ mice 3 d after intraperitoneal injection of 0.5 ml of a
4% solution of thioglycollate (Difco Laboratories Inc., Detroit, MI).
To collect the cells, the peritoneal cavity was flushed with 5 ml of a
sterile 5% glucose solution. Total cell count was determined using a
Coulter Counter, model DN (Coulter Electronics Ltd, Dunstable,
England). Cells were washed with regular culture medium consisting
of DME containing 4.5 g/liter glucose (Gibco BRL), 10% FBS (Hy-
clone, Greiner, Wemmel, Belgium), 100 U/ml penicillin, 0.1 mg/ml
streptomycin, and 2 mM glutamine (Gibco BRL). The cells were re-
suspended in the appropriate medium and counted again before use.

Ligand binding assay. Peritoneal exudate cells from thioglycol-
late-treated mice were plated in 96-well microtiter plates at a density
of 200,000 cells per well and incubated overnight in regular culture
medium. The cultures were washed twice with DME to remove non-
adherent cells. These purified macrophage cultures were then washed
with 50 mM glycine-HCl buffer, pH 3.0, containing 100 mM NacCl for
3 min to dissociate surface-bound endogenous u-PA, and neutralized
with a 0.2 vol of 500 mM Hepes buffer, pH 7.5, containing 100 mM
NaCl. The plates were washed once with DME containing 0.1% BSA
(binding medium) and 100 wl binding medium containing 2 nM
125]-]abeled mu-PA.1-48 without or with increasing concentrations of
competitor (unlabeled mu-PA.1-48, unlabeled murine scu-PA or hu-
man scu-PA) was added. After incubation for 1 h at room tempera-
ture, the cells were washed three times with binding medium (200 .l
per well) and lysed with 100 wl 1IN NaOH. The lysate of each well was
transferred separately to an eppendorf tube and counted for bound
radiolabel. Results were corrected for background using values ob-
tained from similarly treated wells containing no cells (typically
around 100 cpm).
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I55]-fibrin-labeled plasma clot lysis in vivo. Lysis of a '>I-fibrin—
labeled murine plasma clot injected via a jugular vein and embolized
into the pulmonary arteries was monitored, essentially as previously
described (27). Briefly, a 25 ul '»I-fibrin-labeled plasma clot contain-
ing ~ 70,000 cpm human »I-fibrin (0.07 nCi) was prepared from a
plasma pool of wild-type mice and was injected into the jugular vein.
Spontaneous clot lysis was evaluated by measuring the residual radio-
activity in the heart and lungs at the indicated time points and was de-
fined as the amount of radioactivity which had disappeared, ex-
pressed in percentage of the total amount of radioactivity injected.

Preparation and lysis of PH]proline-labeled subendothelial matrix
by thioglycollate-stimulated peritoneal macrophages. [*H]proline—
labeled matrix from human umbilical vein endothelial cells was pre-
pared in 24-well dishes as described (28). Peritoneal cells from
thioglycollate-injected mice were plated on the [*H]proline matrix at
a density of 10° cells per well in medium A (DME containing 0.02%
lactalbumin hydrolysate, 100 U/ml penicillin, 0.1 mg/ml streptomycin,
2 mM glutamine, and 10 U/ml aprotinin [Trasylol, Bayer, Leverkusen,
Germany]) and incubated for 1 h at 37°C in a CO,-incubator (5%
CO,, 90% humidity). Nonadherent cells as well as the protease inhib-
itor aprotinin present in medium A were then removed by washing
twice with medium B (medium A without aprotinin). The cells were
finally refed with 500 pl per well of medium B with or without 2 g/
ml human plasminogen, and the cells were returned to the incubator.
At the time intervals indicated, 50 pl aliquots of the medium were re-
moved after gentle mixing and were counted to determine released
radiolabel. Control wells without cells were used for background cor-
rection, and control wells without cells were treated with excess
trypsin for determination of total (100% ) radioactivity incorporated.

Plasminogen activation by cell-associated endogenous u-PA.
Peritoneal exudate cells from thioglycollate-injected mice were
plated in 96-well microtiter plates at a density of 50,000 cells per well
in medium A. After overnight incubation at 37°C in 5% CO, and
90% humidity, the plates were washed extensively with medium B.
200 pl aliquots of PBS containing 1 mg/ml BSA, 2.5 uM human plas-
minogen, and 0.3 mM S2403 (Chromogenix, Antwerp, Belgium)
without or with CNBr-digested human fibrinogen (final concentra-
tion 0.25 uM) or amiloride hydrochloride (final concentration 300
wM) (Sigma Chemical Company, NTL, Brussels, Belgium) were
added, and generated plasmin activity was quantified by recording
the change in absorbance at 405 nm. Background absorbance was de-
termined by incubating cells with S2403 in the absence of plasmino-
gen. Activation of human plasminogen by murine u-PA or tissue-type
plasminogen activator (t-PA) in the presence or absence of CNBr-
fragments of human fibrinogen has been characterized elsewhere (29).

Histology. u-PAR™™, u-PAR"~, and u-PAR™'~ mice, aged 4.5
wk, were killed with an overdose of Avertin (2,2,2-tribromoethanol;
Aldrich Chemie, Bornem, Belgium) for tissue collection. The tissues
were fixed in phosphate-buffered 4% formaldehyde, pH 7.0, and em-
bedded in paraffin, and representative sections (5 wm, hematoxylin-
eosin stained) of brain, leg muscle, lung, heart, kidney, liver, intesti-
nal tissue, stomach, reproductive organs, thyroid, and thymus were
selected for histopathological examination.

Statistical analysis. The statistical significance of differences be-
tween groups was determined using Student’s ¢ test or Chi-square
analysis.

Results

Targeting of the u-PAR gene. Inactivation of the murine u-PAR
gene was achieved using a replacement-type targeting vector
in which a neomycin phosphotransferase gene replaced a 10-kb
u-PAR genomic fragment comprising the exons encoding do-
main 1 (the u-PA binding domain) and domain 2 of the mature
u-PAR protein (exons 2 through 5), including the region of al-
ternative splicing (Fig. 1). Thus, correct targeting would effec-
tively abolish u-PAR gene expression. The linearized targeting
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Figure 2. Southern blot analysis of genomic DNA.
(A) Southern blot analysis of genomic DNA from D;
embryonic stem cell clones, digested with Xbal or
BamHI and hybridized to the 3’ flanking probe a
(Fig. 1). The appearance of a novel 3.5-kb (Xbal di-
gest) or 5.5-kb (BamHI digest) band indicates correct
targeting. (B) Southern blot analysis of tail tip ge-
nomic DNA from u-PAR""*, u-PAR"'~, and u-PAR ™'~
mice digested with Xbal and hybridized with the 3’
flanking probe a (Fig. 1). The 5.0- and 3.5-kb bands
indicate the presence of the wild-type or mutated al-
lele, respectively. WT, wild-type; HR, homologously
recombined.

construct was electroporated in D; ES cells (genetic back-
ground 129 [22]) and Southern blot analysis of genomic DNA
identified 19 targeted clones out of 728 G418-Ganc" colonies
analyzed, representing an overall frequency of homologous re-
combination of 1:40. Correctly targeted clones displayed the
expected fragments after Southern blot analysis using probe a
(Fig. 1) with Xbal- or BamHI-restricted genomic DNA (Fig. 2
A). Likewise, Southern blotting of EcoRV-restricted genomic
DNA with probe a and of EcoRI-HinclI restricted genomic
DNA with probe b or probe ¢ (Fig. 1) displayed the expected
fragments (data not shown). The neo-specific probe ¢ was used
to verify single integration of the targeting construct at the
u-PAR locus by exclusive generation of a 9.5-kb EcoRI-Hincll
mutant fragment. Southern blot analysis results were con-
firmed after expansion of the individual targeted clones (not
shown).

Germline transmission of the inactivated u-PAR allele.
Four independent homologous recombinants were injected
into C57BL/6 host blastocysts. With one of these, 11 chimeric
mice were obtained (1 female and 1 male with 30-40% chimer-
ism, 4 males with 60-85% chimerism and 5 males with = 90%
chimerism). Upon mating to C57BL/6 mice, all chimeras ex-
cept the female (30% chimerism) and one male (95% chimer-
ism) transmitted the ES cell DNA through the germline as in-
dicated by the presence of agouti pups among their offspring.

Viability, fertility, and growth of u-PAR-deficient mice.
Agouti offspring (F; generation) obtained from the matings of
the chimeric males with C57BL/6 females were genotyped by
Southern blot analysis of tail tip DNA (not shown). The het-
erozygous (u-PAR™'~) mice were intercrossed and their F, off-
spring was genotyped. Fig. 2 B shows a Southern blot analysis
using probe a with Xbal-digested tail tip genomic DNA from
u-PARY*, u-PAR"~, and u-PAR™'~ littermates. Among 274
F, littermates analyzed, 57 were u-PAR™* (21%), 147 were
u-PARY~ (54%), and 70 were u-PAR™'~ (25%). This distribu-
tion is not significantly different (Chi-square test) from the ex-
pected mendelian 1:2:1 ratio, indicating equal viability of
u-PAR"*, u-PAR"~, and u-PAR™'~ mice.

u-PAR deficiency did not affect the growth of young ani-
mals: at 4.5 wk of age, body weight values (mean+=SEM) were
20+0.8 g (n = 6) for u-PAR™'~ males versus 24+0.5 g (n = 4)
for u-PAR"* males (P = 0.36), and 16=12 g (n = 5) for
u-PAR™'~ females versus 17+0.7 g (n = 3) for u-PAR"* fe-
males (P = 0.57). u-PAR deficiency did not appear to affect
fertility as evidenced by similar sizes and numbers of litters

produced by u-PAR™~ as compared to u-PAR"* breeding
pairs.

RT-PCR analysis. u-PAR™™ and u-PAR™'~ mice were an-
alyzed at the RNA level by RT-PCR using polyA RNA ex-
tracted from PMA-stimulated primary embryonic fibroblast
cells (Fig. 3). PCR with an upstream primer annealing in exon
3 and a downstream primer annealing in exon 5 (Fig. 3 B) con-
firmed the absence of u-PAR exon 3 through exon 5 sequences
in u-PAR™~ derived messages (Fig. 3 B, lane 6). PCR reac-
tions performed with a set of primers annealing within the neo
gene (Fig. 3 A, primers a, b) confirmed the presence of the neo
gene in genomic DNA isolated from tail tissue of au-PAR™"~
mouse (Fig. 3 C, lane 4) and showed expression of the gene in
u-PAR™'~ fibroblasts (Fig. 3 C, lane 6).

PCR with a primer set annealing in exon 1 and exon 7 (Fig.
3 A, primers ¢, d) yielded a single PCR product of the expected
size (950 bp) for wild-type cDNA (Fig. 3 D, lane 5). PCR on
u-PAR™~ RT-cDNA with this primer set generated two bands
of ~ 400 and 260 bp, respectively (Fig. 3 D, lane 6). The size of
the 400-bp band corresponded to the size expected for exon
1/exon 6/exon 7 splicing. The size of the 260 bp product sug-
gested splicing from exon 1 to exon 7. Cycle-sequencing (not
shown) of these PCR products after purification from the aga-
rose gel, confirmed this to be indeed the case. Splice junctions
showed the expected sequences which retain the u-PAR read-
ing frame. Consequently, domain fragments of the receptor
could be expressed from the inactivated alleles. However, as
shown below in binding and competition experiments, no evi-
dence was found for the presence of u-PA binding activity on
u-PAR™~ cells. An intensity difference between the 400-bp
and 260-bp RT-PCR products was observed (Fig. 3 D, lane 6),
suggesting a higher abundance of the exon 1/exon 7 splice vari-
ant. The relative intensities of the two bands were determined
by densitometry of computer images of agarose gels (Strat-
agene EagleEye-II Still Video System; Stratagene, Westburg,
Leusden, The Netherlands), using the NIH Image 1.59b5 pro-
gram, yielding a relative intensity of 81+7% for the 260 bp
product (mean=SD obtained from measurements on nine in-
dependent PCR reactions).

To verify run-through transcription from the phosphoglyc-
erokinase (PGK) promoter driving the expression of neo, PCR
reactions were performed using a forward primer annealing in
the neo gene and a reverse primer annealing in exon 6 (Fig. 3
A, primers a, e). As expected, genomic DNA from u-PAR™~
mice yielded a 1.74-kb product (Fig. 3 E, lane 4) while no am-
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Figure 3. RT-PCR anal-
T ysis of polyA RNA iso-
lated from PMA-stimu-
lated u-PAR** and
u-PAR™~ embryonic fi-
;(,_.,m = broblast cells. (A) Sche-
e matic representation of
the targeted allele (see
also Fig. 1). Sizes of
gene fragments are indi-
cated above the con-
struct. The arrowheads
a—e represent the PCR
primers used in panels
C-E of this figure. The
size of potential PCR
products is indicated be-
low the construct.
Hatched and dotted re-
gions in the construct
represent the PGK pro-
moter and polyA signal,
respectively. (B) PCR
products generated us-
ing an upstream and
downstream primer an-
nealing in exon 3 and
exon 5, respectively. An
amplification product of
about 370 bp is expected with this primer set for wild-type cDNA.
(C-E) PCR products generated using primer set a:b (C), primer set
c:d (D), or primer set a:e (E), and separated by electrophoresis on a
1% agarose gel. Lane 1: DNA molecular weight markers of 8, 7.1, 6,
4.8,3.5,2.7,19,1.85,1.5,1.4,1.15,1.0, 0.68, 0.49, and 0.37 kb; lane 2:
PCR reaction without DNA template; lane 3: PCR with genomic
DNA from tail tissue of a u-PAR™* mouse; lane 4: PCR with ge-
nomic DNA from tail tissue of a u-PAR~'~ mouse; lane 5: PCR on a
first strand cDNA template generated from polyA RNA isolated
from u-PAR"* embryonic fibroblast cells; lane 6: PCR on a first
strand cDNA template generated from polyA RNA isolated from
u-PAR™~ embryonic fibroblast cells; lane 7: PCR on polyA RNA iso-
lated from u-PAR*'* cells; lane 8: PCR on polyA RNA isolated from
u-PAR™'~ cells. The polyA RNA preparations were free of genomic
DNA as indicated by the absence of amplification products when us-
ing polyA RNA as template (see E, lane 8 for u-PAR™'~ prepara-
tions; not shown for wild-type).
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plification product was obtained with genomic DNA from
u-PAR""* mice (Fig. 3 E, lane 3). Likewise, RT-cDNA gener-
ated from u-PAR™" mRNA did not yield any amplification
product (Fig. 3 E, lane 5). RT-cDNA template from u-PAR™/~
mRNA however yielded a PCR product of ~ 0.9 kb (Fig. 3 E,
lane 6). This 0.9-kb product likewise was subjected to cycle se-
quencing (not shown). The sequencing results indicated cryp-
tic splicing of a full-length neo message including its STOP
codon and part of the PGK polyadenylation site of the neo cas-
sette, to exon 6 of u-PAR. The presence of the neo STOP
codon however ensures termination of translation at this site,
excluding the expression of a neo/u-PAR-domain 3 fusion
protein. The presence of several STOP codons in both other
reading frames of the neo gene similarly excludes the expres-
sion of domain 3 from run-through messages driven by the
PGK promoter of the neo cassette but starting erroneously at
an out-of-frame ATG codon in the neo sequence.

ELISA for murine u-PAR. The presence or absence of
mu-PAR protein on the cell surface was verified in an ELISA

874 Dewerchin et al.

assay on cultures of primary embryonic fibroblast cells using a
polyclonal anti-murine u-PAR antibody (Fig. 4). Binding (ex-
pressed in milliabsorbance (mABS) at 405 nm) of the antibody
to u-PAR™" or u-PAR"~ fibroblasts was respectively 1.90-
and 1.36-fold higher (Fig. 4) than binding to u-PAR™~ cells
(140+4.4 for u-PAR™"* and 100+0.5 for u-PAR™Y'~ cells versus
74+4.6 for u-PAR™'~ cells, mean+SEM, n = 3, P = 0.005, not
shown). Such a difference was not observed with an irrelevant
polyclonal rabbit anti-mouse antibody (Fig. 4). Binding of rab-
bit anti-murine u-PAR to u-PAR™" or u-PAR"™ cells de-
creased to the level obtained with u-PAR™"~ cells after cleav-
age of the receptor upon treatment with Ptd-Ins-PLC (77+4.8
mABS for u-PAR''* and 77+9.8 mABS for u-PARY~ cells
versus 74+4.6 mABS for untreated u-PAR™'~ cells, mean=*
SEM, n = 3, P > 0.6, not shown) (Fig. 4). Values obtained for
u-PAR™'~ cells without or with Ptd-Ins-PLC treatment were
similar (66+4.6 mABS with versus 74+4.6 mABS without
treatment, mean+SEM, n = 3, P = 0.286, not shown) (Fig. 4).
Treatment of the cells with Ptd-Ins-PLC did not significantly
affect the interaction with the irrelevant antibody (P values >
0.5) (Fig. 4). These results indicated that the level of binding of
the anti-murine u-PAR antibody to u-PAR™'~ cells or to Ptd-
Ins-PLC treated u-PAR™* or u-PAR™'~ cells represented aspe-
cific binding and that interaction of untreated cells with the an-
tibody was gene dose dependent. Comparable cell counts for
u-PAR"", u-PAR"~, and u-PAR™'~, as determined in a series
of control wells processed through the assay using buffer in all
steps, excluded any effect of differences in cell number at the
end of the experiment.

Ligand binding assay. A binding assay was performed on
peritoneal macrophages isolated from u-PAR™*, u-PAR"",
or u-PAR™'~ mice using an aminoterminal fragment of murine
u-PA (mu-PA.1-48) as the ligand (Fig. 5). This fragment con-
tains the growth factor domain of urokinase which constitutes
the receptor binding part of the molecule (30).

Binding of '»I-mu-PA.1-48 to u-PAR™* macrophages
reached a value of 2,000=300 cpm and was decreased to
220£50, 48*16, and 34*23 cpm in the presence of unlabeled
mu-PA.1-48, or to 5615, 100£19, and 3623 cpm in the pres-
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Figure 4. ELISA assay for murine u-PAR. Binding of polyclonal rab-
bit anti-murine u-PAR (PAR) or of the irrelevant antibody rabbit
anti-mouse IgG (RAM) to primary embryonic fibroblast cells with-
out (filled bars) or with (open bars) pretreatment of the cells with
phosphatidylinositol specific phospholipase C (Ptd-Ins-PLC) was de-
termined as described in Methods. Binding was measured as optical
density at 405 nm and is expressed as the ratio versus untreated
u-PAR™'~ cells. Data represent mean values*=SEM obtained from
three independent experiments performed in triplicate.
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Figure 5. Binding of murine u-PA aminoterminal fragment mu-PA.1-
48 to thioglycollate stimulated peritoneal macrophages from u-PAR*/*
(top), u-PAR"'"~ (middle), and u-PAR '~ (bottom) mice. Purified
macrophage cultures were prepared in microtiter plates by overnight
incubation of peritoneal lavages and removal of nonadherent cells by
vigorous washing. After acid treatment to dissociate surface bound
murine u-PA, the cultures were incubated for 1 h with 2 nM
125]-]abeled mu-PA.1-48 without or with unlabeled competitor (mu-
PA.1-48, murine scu-PA or human scu-PA) at 10- to 100-fold molar
excesses as indicated. The cells were washed three times, lysed with
1 N NaOH, and removed from the plate for y-counting. Data repre-
sent mean values with SEM obtained from four to seven independent
experiments.

ence of unlabeled intact murine scu-PA at a 10-, 30-, or 100-
fold molar excess, respectively (mean+SEM, n = 5) (Fig. 5,
top), demonstrating the specificity of the binding. A much less
dramatic decrease in binding was obtained in the presence of
human scu-PA (1,500%190, 1,100+=160, and 840=100 cpm
bound at a 10-, 30-, or 100-fold molar excess, respectively, ver-
sus 2,000=300 cpm without competition, n = 5; P < 0.05 for
the data obtained at 30- and 100-fold molar excess), in agree-
ment with the reported species specificity of the u-PA/u-PAR
interaction (31). This species specificity was however not abso-
lute, as shown by the moderate inhibition obtained, presum-
ably due to the partial homologies between murine and human
u-PA and u-PAR.

Binding of '»I-mu-PA.1-48 to u-PAR*'~ macrophages was
about half of that obtained with wild-type cells (1,100=210
cpm bound, mean+*SEM, n = 7, versus 2,000+300 cpm for
wild-type cells, n = 5, P < 0.05) and was also significantly in-
hibited in the presence of unlabeled mu-PA.1-48 (12030,
44+14, and 1929 cpm bound at a 10-, 30-, or 100-fold molar
excess) or of intact murine scu-PA (23+13, 2922, and 10£5
cpm at a 10-, 30-, or 100-fold molar excess) (Fig. 5, middle).
Much less pronounced inhibition was observed in the presence
of human scu-PA (1,000=180, 570110, and 420+57 cpm
bound at a 10-, 30-, or 100-fold molar excess, respectively, ver-
sus 1,100=210 cpm without competition, n = 7; P < 0.05 for
the data obtained at a 30- and 100-fold molar excess).

Binding of '»I-mu-PA.1-48 to u-PAR™'~ macrophages was
33+12 cpm (mean=SEM, n = 4) and was not statistically dif-
ferent from the binding obtained in the presence of unlabeled
mu-PA.1-48 (5038, 5529, and 4+2 cpm at a 10-, 30-, or 100-
fold molar excess, n = 4, P values versus binding without com-
petition > 0.05) or of intact murine scu-PA (34=18 cpm at 10-
fold molar excess, P value versus no competition 0.97; binding
at higher molar excess < 4 cpm) (Fig. 5, bottom). The binding
obtained in the absence of competitor with u-PAR™'~ cells was
1.7% of that obtained with u-PAR™" cells (33=12 cpm, n = 4,
versus 2,000+300 cpm for wild-type cells, n = 5; P < 0.001)
and was comparable to the background binding to u-PAR*"*
or u-PAR*"~ cells as measured in the presence of a 100-fold
molar excess of mu-PA.1-48 (3312 cpm for u-PAR™'~ cells,
n = 4, versus 34+23 cpm for u-PAR™" cells,n = 5, P = 0.97,
and versus 199 cpm for u-PAR"™ cells, n = 7, P = 0.37).
These results indicated that the binding obtained with
u-PAR™'~ cells only represented aspecific binding.

Similar results were obtained in »I-mu-PA.1-48 binding
experiments using embryonic fibroblast cells isolated from
u-PARY* or u-PAR™'~ embryos (not shown).

I25]_fibrin-labeled plasma clot lysis in vivo. Spontaneous in
vivo lysis of a '#I-fibrin-labeled murine plasma clot, injected
into the jugular vein and embolized to the lungs, was similar in
u-PAR*Y* (groups of three or two mice in the 4 and 24 h time
group, respectively) and u-PAR™'~ mice (groups of three
mice). Mean+=SEM values at 4 h were 49+10% and 61+5%,
respectively, and at 24 h 93+3% and 98+0.4%, respectively.
These data are in accordance with the in vivo plasma clot lysis
results obtained previously in u-PA—deficient mice, and with
the notion that, in contrast to t-PA, u-PA plays only a minor
role in in vivo thrombolysis (16).

Macrophage function. Invasion of macrophages into the
peritoneal cavity measured 3 d after intraperitoneal injection
of thioglycollate was not affected by u-PAR gene inactivation:
cell counts in peritoneal lavages were 9.2+1.4, 10£1.2, and
9.5+1.5 X 10° cells (mean+=SEM, n = 7, P > 0.8) for u-PAR*'*,
u-PAR"~, and u-PAR™'~ mice, respectively, assuming that 80—
90% of the cells are macrophages (32). Thioglycollate stimu-
lated macrophages from u-PA-deficient mice have a reduced
capacity to degrade subendothelial matrix (16). To examine
whether this u-PA-mediated breakdown in vitro was u-PAR
dependent, lysis of subendothelial matrix metabolically la-
beled with [*H]proline was studied using stimulated macro-
phages from u-PAR™™, u-PAR™~, and u-PAR™~ mice. No
differences in matrix degradation were found between the dif-
ferent genotypes (P values > 0.25). Approximately 30% of the
activity measured in this matrix degradation assay was how-
ever plasminogen-independent (Fig. 6).
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Figure 6. Lysis of [*H]proline-labeled subendothelial matrix by
thioglycollate-stimulated macrophages from u-PAR*'* (@, O),
u-PAR*~ (M,0) or u-PAR™"~ (A, A) mice. The experiment was per-
formed without (open symbols) or with (closed symbols) 2 png/ml hu-
man plasminogen in the culture medium. The data represent mean
values with SEM obtained from two to five independent experiments.

Plasminogen activation in vitro by thioglycollate-stimu-
lated macrophages in the presence of human plasminogen and
of the chromogenic plasmin substrate S2403 was virtually com-
pletely inhibited by amiloride (Fig. 7) but was not affected by
CNBr-fragments of fibrinogen (not shown) indicating that the
plasmin generation was u-PA-mediated. Within 2.5-3 h, plas-
minogen activation was twofold lower with u-PAR™'~ than
with u-PAR™~ macrophages (OD at 405 nm of 28=5 and
55+13 mABS for u-PAR™'~ cells at 2.5 and 3 h, respectively,
versus 62+14 and 95+36 mABS for u-PAR"'~ cells, mean=+
SEM, n = 3, P > 0.05) and threefold lower than with u-PAR*"*
macrophages (28+5 and 55*13 mABS versus 9519 and
15030 mABS for u-PAR™"* macrophages at 2.5 and 3 h, re-
spectively, n = 3, P < 0.05) (Fig. 7, inset). Freshly washed cells
were used to ensure that at the initial time points only endoge-
nous, receptor-bound u-PA was mediating the plasmin genera-
tion. At later time points, the statistically significant difference
between u-PAR™~ and u-PAR"'* macrophages disappeared
(Fig. 7), presumably due to increasing contribution of murine
u-PA accumulating in the medium.

Histological examination. No significant histological ab-
normalities could be documented on microscopic examination
of tissues from 4.5-wk-old u-PAR™'~ mice.

Discussion

To study the role of receptor-binding in the physiological func-
tions of u-PA, mice with inactivated u-PAR genes were gener-
ated via homologous recombination in embryonic stem cells.
Inactivation was achieved by replacing a genomic fragment
comprising exon 2 through 5 by a neo selection marker cas-
sette. Southern blot analysis of genomic DNA isolated from
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Figure 7. Plasmin activity generated upon incubation of in vivo—stim-
ulated macrophages in the presence of plasminogen and of the chro-
mogenic plasmin substrate S2403. Macrophages were harvested from
the peritoneal cavity 3 d after intraperitoneal injection of thioglycol-
late in u-PAR"'* (@, O), u-PAR''~ (M, 0) or u-PAR™'~ (A, A) mice.
The experiment was performed in the absence (closed symbols) or
presence (open symbols) of 300 uM of the u-PA inhibitor amiloride.
Insert: Bar graph representation of the data obtained at 2.5 and 3 h in
the absence of amiloride with u-PAR™* (filled bars), u-PAR*'~ (open
bars), and u-PAR™'~ macrophages (hatched bars). Data represent
mean values with SEM obtained from duplicate measurements in
three independent experiments.

tail tissue confirmed the presence of the targeted alleles in the
u-PAR""~ and u-PAR™'~ mice.

Inactivation of the u-PAR gene yielded a mutated allele
containing the u-PAR promoter and the exon 1, 6 and 7 se-
quences, disrupted between exon 1 and 6 by the neo cassette.
Exon 6 and 7 together encode domain 3 of the receptor (20).
To verify whether aberrant messages were expressed from the
inactivated allele, potentially generating a truncated “domain
3” receptor, RT-PCR analysis was performed on polyA RNA
isolated from PMA-stimulated embryonic fibroblast cells. RT-
PCR analysis indeed revealed the presence of truncated
u-PAR messages in the u-PAR™'~ mice. Cycle-sequencing was
performed to identify the nature of the three different kinds of
messages obtained. Two messages, identified by PCR amplifi-
cation of u-PAR™'~ RT-cDNA with a single PCR primer set,
were expressed from the u-PAR promoter and consisted of an
exon 1/exon 6/exon 7 and an exon 1/exon 7 splice product, re-
spectively. The u-PAR reading frame was retained in both
messages. Consequently, a domain 3 receptor might theoreti-
cally be expressed from the largest message. However, as dis-
cussed below, no evidence for the presence of u-PA binding
activity on u-PAR™'~ cells was found. In addition, the exon
1/exon 7 splice variant appeared to be present at higher abun-
dance as compared to the exon 1/exon 6/exon 7 variant (81%
versus 19%). If translated, the former message would only
generate the second half of domain 3 of u-PAR. Such a half
domain very unlikely would retain functions of intact u-PAR.
Moreover, the odd number of cysteines in the second half of



domain 3 of murine u-PAR (21) might cause folding and sta-
bility problems. Furthermore, exon 1 only encodes the first 19
amino acid residues of the u-PAR signal peptide. The last
amino acids, and thus also the processing cleavage site, are en-
coded by exon 2 which is absent from the inactivated alleles.
Computer-aided amino acid sequence analysis of both splice
variants did not reveal the presence of new signal peptide pro-
cessing sites. This truncation of the signal peptide and absence
of a consensus processing site probably would interfere with
proper secretion and processing of potentially translated
u-PAR protein fragments. Furthermore, if expression would
indeed occur, these fragments would be expected to be non-
functional. Previous studies indeed have shown that domain
fragments of u-PAR are incapable of ligand binding (3, 33). A
third message, consisting of a neo/exon 6 fusion message ex-
pressed from the PGK promoter of the neo cassette, arose
from cryptic splicing of a full-length neo message to exon 6 of
u-PAR. The presence of the neo STOP codon as revealed by
cycle-sequencing, ensures however termination of translation
at this site and excludes the expression of a neo/u-PAR-
domain 3 fusion protein.

Absence of u-PAR antigen from the surface of u-PAR™'~
cells was confirmed in an ELISA assay on coated embryonic
fibroblast cells using a polyclonal rabbit anti-murine u-PAR
antibody. Absence of functional receptor in u-PAR™/~ mice
was demonstrated by the lack of specific binding of an amino-
terminal fragment of murine u-PA (containing amino acid res-
idues 1 to 48) to cultured thioglycollate-stimulated u-PAR ™'~
macrophages. Indeed, binding of radiolabeled ligand to
u-PAR™'~ macrophages was < 2% of the value obtained with
u-PARY* macrophages and comparable to the background
binding to u-PAR *'* or u-PAR"'~ cells. Gene dose-dependent
expression of u-PAR was observed in the binding assay as well
as in the ELISA, as illustrated by the intermediate behavior of
u-PAR"'™ cells as compared to u-PAR™" and u-PAR™'~ cells.

u-PAR-deficiency did not compromise embryonic devel-
opment and viability of the mice, in accordance with previous
observations on mice deficient for other components of the fi-
brinolytic system including u-PA and/or t-PA (16), plasminogen
(34), and the inhibitors plasminogen activator inhibitor type-1
(23) or ay,-macroglobulin (35), and implying a less essential
role for the plasminogen activation system and u-PA/u-PAR
in embryo implantation, development, and viability than previ-
ously assumed (36). u-PAR™'~ mice displayed normal growth
and fertility, and no histological abnormalities were found in
tissues from 4.5-wk-old mice. u-PAR™'~ mice did not differ
from wild-type mice for spontaneous lysis of an experimental
normal murine plasma clot. This finding confirmed our previ-
ous observations obtained in u-PA-deficient mice (16) and
supports the notion that u-PA has only a minor contribution to
endogenous thrombolysis.

The u-PA receptor has been proposed to provide a mecha-
nism for concentrating u-PA activity at cell surfaces, thereby
allowing, directly or indirectly via plasmin generation, local-
ized matrix degradation and invasion of migratory cells
through anatomical barriers and into tissues (2-4). No differ-
ence in numbers of cells invading into the peritoneal cavity
upon thioglycollate injection was observed between u-PAR™*,
u-PARY~, and u-PAR™'~ mice. However, macrophages from
u-PAR™~ mice indeed displayed reduced u-PA-mediated
plasminogen activating potential at time points up to 3 h which
can be explained by the absence of endogenous cell-bound

u-PA on the receptor-deficient cells. The observation that at
later time points plasminogen activation by u-PAR™~ mac-
rophages was similar to that by u-PAR"'* macrophages might
be explained by an increased contribution by u-PA accumulat-
ing in the medium. Control experiments with the u-PA inhibi-
tor amiloride and with stimulators of t-PA activity (CNBr frag-
ments of fibrinogen) indicated that plasmin generation in the
assay was indeed u-PA mediated. Macrophages from u-PA-
deficient mice have previously been shown to have an im-
paired capacity for in vitro degradation of extracellular matri-
ces (16). However, macrophages from the present u-PAR™~
mice degraded matrices at a similar rate as u-PAR*"* mac-
rophages. This again might be explained by the action of u-PA
secreted in the medium during the assay. In addition, the con-
tribution of plasminogen-independent proteolytic activity might
obscure possible differences between the u-PAR-deficient
and wild-type genotypes. Taken together, these findings con-
firm that the u-PA/u-PAR system represents a mechanism for
providing cells with surface-associated proteolytic activity.
Nevertheless, u-PAR-deficient macrophages are still capable
of invading the peritoneal cavity and are able to degrade extra-
cellular matrix in the experimental conditions described above.
The limited phenotype of u-PAR deficiency as analyzed so far
suggests that the u-PA/u-PAR system might have a less impor-
tant contribution to cell-associated proteolytic activity in vivo
than generally assumed or that other systems are able to com-
pensate for the deficiency. Whether cellular distribution of re-
ceptor-bound u-PA, local regulation of cell-surface levels of
u-PA via u-PAR/LDL-receptor related protein—mediated clear-
ance of u-PA/inhibitor complexes (11, 37), and u-PAR-medi-
ated signal transduction are impaired by u-PAR gene inactiva-
tion remains to be studied.

In conclusion, homozygous u-PAR-deficient mice gener-
ated in this study were viable, healthy, and fertile. u-PAR gene
inactivation abolished binding of murine u-PA to stimulated
peritoneal macrophages and reduced their u-PA-dependent
plasminogen activating capacity. These u-PAR-deficient mice
may represent a valuable model to study the role of the u-PA/
u-PAR system in biological processes requiring extracellular
proteolysis, and in ligand-induced signal transduction.
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