
Extracellular proteolysis plays a key role in blood

coagulation, fibrinolysis, vascular remodeling, angiogen�

esis, wound healing, and growth and metastasizing of

malignant tumors. These proteases are located on the cell

surface due to specific interaction with membrane�bound

proteins and are responsible for degradation of the peri�

cellular matrix components and for destruction of cell�

cell contacts. Thus, these proteases remove fibrin deposits

and also provide the cell invasion/migration within tis�

sues.

The urokinase�type and tissue�type plasminogen

activators (uPA, or urokinase, and tPA, respectively) are

important components of the extracellular protease sys�

tem because they specifically convert plasminogen into

plasmin. Plasmin is a serine protease with a wide substrate

specificity. Upon the generation of intravascular thrombi

mainly constituted of polymeric fibrin, the system of

plasminogen activators is triggered to recover the blood

flow, and the plasmin directly degrades fibrin that leads to

the thrombus dissolving. The plasminogen activators are

believed to be key components of the fibrinolysis system.

On the cell surface plasmin activates a number of metal�

loproteinases that degrade the extracellular matrix pro�

teins and the components of basal membrane, such as

collagen, fibronectin, and laminin. The combined effects

of the plasminogen activators, plasmin, and metallopro�

teinases on the plasma membrane promote a vector cell

movement due to destruction of the cell–cell contacts

and the matrix and also due to the activation or releasing

of latent or matrix�bound growth factors possessing

chemotactic properties.

The tissue�type plasminogen activator is mainly

involved in fibrinolysis, but the urokinase�type plasminogen

activator, in addition to the fibrinolytic function, plays the

most important role in cell migration and tissue remodeling.

On the cell surface urokinase binds to the high affin�

ity receptor (uPAR/CD87) which is located on the lead�

ing edge of the migrating cells. The binding of urokinase

to the receptor provides a strictly local proteolysis of the

extracellular matrix proteins in the direction of the cell

movement. Moreover, the urokinase–receptor complex

activates the intracellular signaling and thus regulates the

cell adhesion, migration, and proliferation. Furthermore,

the urokinase receptor and its specific inhibitor (PAI�1)

can interact with adhesion receptors, extracellular matrix

proteins, and also with proteins which mediate the activa�
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Abstract—The urokinase type plasminogen activator (urokinase) plays a pivotal role in the regulation of cell adhesion and

migration during tissue remodeling. Urokinase not only specifically cleaves plasminogen and converts it into plasmin but also

activates intracellular signaling upon binding to certain receptors on the cell surface. The polyfunctional properties of this

protein are associated with its three�domain structure as follows: the C�terminal proteolytic domain containing the serine

protease active center, the central kringle domain, and the N�terminal domain homologous to epidermal growth factor. This

review considers functional properties of urokinase and of its fragments generated on the cell surface as a result of proteolyt�

ic processing. This review will discuss the mechanisms of urokinase�mediated regulation of cellular function upon binding to

membrane receptors.
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tion of intracellular signaling. These findings allowed to

consider the system of plasminogen activators as a sepa�

rate group of regulators of cell movement and communi�

cation which provide proteolytic and “signaling” func�

tions.

The present review considers mechanisms of the

urokinase involvement in cell adhesion and migration.

THE STRUCTURE AND PROCESSING 

OF UROKINASE

Urokinase is synthesized by vascular endothelial and

smooth muscle cells (SMC), by epithelial cells, fibroblasts,

monocytes/macrophages, and also by cells of malignant

tumors of different origin [1�3]. This protein is secreted by

cells as a single�chain polypeptide with molecular weight of

54 kD that consists of 411 amino acid residues [4]. The

urokinase structure is subdivided into three domains: the

N�terminal domain homologous to the epidermal growth

factor (amino acids 9�45), the kringle domain (amino acids

46�143), and the C�terminal catalytic domain (amino

acids 144�411) (Fig. 1). The “growth factor�like domain”

(GFD) is responsible for the interaction of urokinase with

the uPAR/CD87 receptor [5]. The protease domain of

urokinase includes the active site of the enzyme represent�

ed by a specific for serine proteases amino acid triad

His204, Asp255, and Ser356. The kringle domain of uroki�

nase contains a sequence that interacts with the specific

inhibitor PAI�1 [6]. It has also been found that urokinase

binds to heparin through the kringle domain, but the func�

tional significance of this interaction is yet unclear [7]. We

have found that the kringle domain binds on the cell sur�

face to a specific receptor that is distinct from uPAR/CD87

[8]. The interaction of urokinase with this receptor results

in the migration of SMC, fibroblasts, and of a number of

other cells [8, 9]. According to data of nuclear magnetic

resonance, the urokinase has extensive, but not unrestrict�

ed, motion between the different domains [10, 11]. Each

domain of the protein has a rigid structure supported by

internal disulfide bonds, three of which are located in the

“growth” factor�like domain, three in the kringle domain,

and six bonds are located in the proteolytic domain.

Intramolecular disulfide bonds maintain the due orienta�

tion of amino acid residues in the active center of urokinase

proteolytic domain, since the loss of the enzymatic activi�

ty was observed after the destruction or irregular formation

of S–S�bonds [12].

During the post�translational modification, carbo�

hydrate residues can be incorporated in two regions of the

urokinase molecule. N�Glycosylation of Asn302 in the

proteolytic domain and O�glycosylation of Thr18 in the

growth factor�like domain increase by 10�15% the

molecular weight of the urokinase. The role of urokinase

glycosylation has not been determined conclusively, but

some data suggest that the Asn302�glycosylated urokinase

is more susceptible to activation by plasmin and is more

resistant to inhibitors [13]. The deglycosylation of the

Thr18 residue within the growth factor�like domain of

uPA can cause the loss of the mitogenic properties,

despite its unaltered affinity for uPAR/CD87 [14].

The single�chain urokinase has no peptidase activity

to synthetic substrates. Therefore, this urokinase form

was for a long time considered as the enzyme precursor,

or prourokinase [15, 16]. However, prourokinase can

convert plasminogen into plasmin. Plasmin, in its turn,

activates urokinase because it cleaves the Lys158–Ile159

peptide bond and converts the single�chain urokinase

into the two�chain form (Fig. 1). The two�chain uroki�

nase reveals protease activity with respect to both syn�

thetic substrates and plasminogen, and the rate of plas�

minogen cleavage by the two�chain urokinase is more

than 200�fold higher than the rate of cleavage by the sin�

gle�chain form [17]. Other extracellular proteases, such

as kallikrein, blood coagulation factor XIIa, and cathep�

sin B, also cleave the Lys158–Ile159 bond of urokinase.

In the two�chain urokinase the polypeptide chains A and

B (light and heavy chains, respectively) are connected by

the Cys148–Cys279 disulfide bond. The A�chain

includes the “growth” and the kringle domains, whereas

the proteolytic domain is a part of the B�chain. Upon

cleavage of the Lys158–Ile159 bond a newly generated

amino terminal tail of the B�chain with Ile159 on the end

is relocated into the region of the substrate�binding pock�

et of the protease. This is associated with the formation of

an ion pair between the NH2�group of the Ile159 and the

side chain of Asp255. These conformational changes

result in the opening of the substrate�binding pocket and,

possibly, of the active site of the enzyme [18].

A 32�kD urokinase was isolated from adenoma cell

culture [19]. This low�molecular�weight form of the pro�

tein is a single�chain fragment of urokinase containing

amino acids 144�411. The enzymatic properties of this

fragment are virtually the same as the properties of the

K
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Fig. 1. Structure of single�chain and two�chain urokinase

forms. G, growth factor�like domain; K, kringle domain; P,

protease domain.
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full�length urokinase. The low�molecular�weight two�

chain urokinase is generated after the cleavage of the

Lys135–Lys136 bond by plasmin in the region between the

kringle and protease domains, and its proteolytic activity

is comparable to the activity of the full�length two�chain

urokinase [20]. Because the urokinase cleavage in this

region can separate the A� and B�chains, it is obvious that

in addition to the low�molecular�weight urokinase an

amino terminal fragment of the protein is generated [21].

Nevertheless, up to now the amino terminal fragment is

prepared by the cleavage of the full�length urokinase by

protease V8 [22]. Moreover, in studies on urokinase pro�

cessing by plasmin we have shown that the amino terminal

fragment is a minor product among the polypeptides pro�

duced. The urokinase cleavage products within varied

time intervals were analyzed by SDS�electrophoresis with

subsequent N�terminal sequencing. The formation of the

two�chain urokinase by the cleavage of the Lys158–Ile159

bond was followed by the cleavage of the Lys46–Ser47

bond in the region between the growth factor�like and the

kringle domains. This resulted in the elimination of the

growth factor�like domain and in the generation of a two�

chain urokinase form with molecular weight of 36�40�kD

lacking the growth factor�like domain. More prolonged

exposure to plasmin resulted in the elimination of the

kringle domain and in the generation of a 32�kD uroki�

nase [23]. These findings suggest that in addition to the

proteolytic activation, plasmin can sequentially split off

the N�terminal domains of urokinase with production of

several proteolytically active forms (Fig. 2). The urokinase

form lacking the growth factor�like domain is also gener�

ated on the cell surface under plasmin action [23].

Proteolysis of the full�length urokinase by thrombin

proceeds quite differently. Thrombin hydrolyzes the

Arg156–Phe157 peptide bond that results in formation of

a two�chain urokinase variant that is proteolytically inac�

tive and fails to be activated by other proteases (Fig. 2).

Such processing is a mechanism for inactivation of the

enzyme [24, 25]. However, the resulting inactive form

probably has other functions on the cell surface that are

not associated with proteolysis.

Thus, a number of bonds in urokinase undergo pro�

teolytic cleavage with formation of several variants of the

protein on the cell surface (Fig. 2). The full�length, sin�

gle�, and two�chain forms of urokinase and its amino ter�

minal fragment can bind to the uPAR/CD87 receptor on

the cell surface. We have shown that urokinase lacking the

growth factor�like domain is unable to interact with the

uPAR/CD87 and, consequently, can bind to the surface

of SMC and of other cells either through the kringle

domain or through the protease domain (see below). This

suggests the presence of additional urokinase receptors on

the plasma membrane. It seems that the urokinase frag�

ments generated upon its proteolytic processing by extra�

cellular proteases can affect cellular function independ�

ently or in cross�talk with uPAR/CD87.

LOCALIZATION OF UROKINASE 

ON THE CELL SURFACE

Many cell types contain the specific receptor

uPAR/CD87, which binds urokinase with high affinity

(Kd ~ 10–10�10–9 M). The urokinase receptor was first

identified on human monocytes and on U937 line cells

[26]. The mature receptor consists of 283 amino acids and

has molecular weight 55�60 kD [27, 28]. The receptor

molecule contains several N�glycosylation sites, and the

weight of sugar residues comprises about half of the

molecular weight of the mature protein [29]. The N�ter�

minal growth factor�like domain of urokinase is responsi�

ble for its binding to uPAR/CD87 [5]. Chemical modifi�

cation and site�specific mutagenesis showed that the Ω�

loop (amino acid residues 22�30) within the growth fac�

tor�like domain of urokinase contains the key amino

acids important for the interaction with the receptor,

namely, Asn22, Asn27, His29, and Trp30 [29�32]. Other

components of the blood coagulation system and fibri�

nolysis that contain the epidermal growth factor�like

domains/repeats fail to interact with uPAR/CD87.

uPAR/CD87 contains three homologous sequence

repeats/domains (D1, D2 and D3), which are not very sim�

ilar in primary structure but possess a conserved pattern of

cysteine residues. An internal repetition of the spacing of

cysteines in polypeptide chain is present also in some other

single�domain proteins of the Ly�6 receptor family [33�35].

Fig. 2. Urokinase fragments generated upon proteolytic pro�

cessing of urokinase on the cell surface. G, growth factor�like

domain; K, kringle domain; P, protease domain.
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The first, N�terminal domain of the receptor is

shown to play the key role in the binding of urokinase

[36]. However, to provide a high affinity receptor–ligand

interaction, all three domains of the receptor are required

because the apparent urokinase binding affinity of isolat�

ed first receptor domain is 2000�fold lower than that of

the intact receptor [37]. Photoaffinity labeling has also

shown that the sites of the urokinase contact with the

receptor are located not only in the first but also in the

two other domains of uPAR/CD87 [29, 31]. N�

Glycosylation of the Asn52 residue also affected the affin�

ity of the receptor–ligand interaction, since the recombi�

nant receptor lacking the sugar residue at the Asn52 had

lower affinity for urokinase than the native glycosylated

protein [38].

The urokinase receptor lacks a transmembrane

sequence and is anchored in the plasma membrane by a

glycosyl phosphatidylinositol (GPI) moiety. During the

post�translational processing, 30 amino acids are

removed from the C�end of the receptor precursor, and

the GPI�anchor covalently binds to the Gly283 residue

[38, 39]. Thus, the urokinase receptor was long consid�

ered to be a “trap”, or a protein which localizes urokinase

in discrete areas of the cell surface. Due to the GPI�

anchorage, the urokinase receptor has high mobility in

the plasma membrane, and its location depends on the

functional state of the cell. In fact, if in the resting cell

uPAR is uniformly distributed on the surface, the migrat�

ing cell forms clusters of the urokinase receptors on the

leading edge [40]. The concentration of the proteolytic

potential provides the vector movement of the cell along

the chemoattractant gradient.

Similarly to other GPI�anchored proteins, the

urokinase receptor is concentrated in special intrusions of

the plasma membrane, caveolae, which contain great

amounts of glycosphingolipids, sphingomyelin, poly�

phosphoinositols, and cholesterol. The structure of these

formations is thought to be maintained by the membrane

protein caveolin [41]. This protein is thought to form a

hairpin�like structure within the membrane in such a way

that the C�terminal and the N�terminal domains face the

cytoplasm. Cells which do not express caveolin form on

their plasma membrane the cholesterol�enriched flat

clusters, so�called rafts, which contain the GPI�anchored

proteins.

The function of uPAR is not limited by the locating

of urokinase on the cell surface. The receptor�bound sin�

gle�chain urokinase is activated by plasmin more effi�

ciently than the free urokinase [42].

We have shown that uPAR can protect bound uroki�

nase from the further degradation by plasmin. Thus, plas�

min�mediated elimination of the growth factor�like

domain in urokinase takes place more slowly if it is bound

to uPAR. Unlike the full�length protein, urokinase lack�

ing the growth factor�like domain is unable to interact

with uPAR and undergoes rapid endocytosis and intracel�

lular degradation [23]. Thus, uPAR increases the “half�

life” of the functionally active urokinase on the cell sur�

face.

An abundance of experimental data suggests that

urokinase binding to the uPAR/CD87 receptor on the

plasma membrane activates intracellular signaling sys�

tems that regulate cell migration, adhesion, proliferation,

and differentiation (see below). Since, unlike most of

classic receptors, uPAR lacks the transmembrane and

cytoplasmic domains, alone it is not capable to initiate

intracellular signaling. An obligatory partner(s) is proba�

bly required which associate(s) with uPAR or urokinase

and transduce(s) the signal across the plasma membrane.

The single� and two�chain urokinase forms also

bind to receptors of the low density lipoprotein recep�

tors (LDLR) family: to the LDLR�relative protein/α2�

macroglobulin receptor (LRP/α2�MR) [43�45], and to

the very low density lipoprotein receptor (VLDLR) [46].

These receptors provide the clearance of the various

protease–inhibitor complexes from the cell surface by

endocytosis through clathrin�coated pits (see below).

Despite the significant difference in the structure, these

receptors consist of the same structural motifs. They are

transmembrane proteins which pierce the membrane

once, with the N�terminus faced into the extracellular

space and the C�terminal end directed into the cyto�

plasm. These receptors are built from four main blocks:

the cysteine�enriched repeats in the ligand�binding

domain, the repeats homologous to the epidermal

growth factor, the transmembrane domain, and one or

several copies of the signal sequence N�P�X�Y located

in the cytoplasmic domain and responsible for the

receptor internalization through coated pits. The affini�

ty of these receptors for urokinase (Kd ~ (1�2)·10–8 M) is

an order of magnitude lower than affinity of

uPAR/CD87. Since LRP/α2�MR interacts with uroki�

nase via sites located in its A�chain, it is suggested that

uPAR and LRP/α2�MR should compete for the binding

of urokinase. It is suggested that high affinity

uPAR–urokinase interaction could prevent binding of

uPA to LRP/α2�MR and subsequent intracellular degra�

dation (see below) [47].

Since not only full�length single� or two�chain

urokinase forms capable of binding to uPAR (see above)

could associate with the cell surface, it seems that other

receptors could interact with truncated urokinase forms

via their kringle or protease domains. In the search for

such receptors, we have isolated a membrane protein with

molecular weight 200 kD (p200) that binds urokinase via

its proteolytic domain. Consequently, unlike uPAR/

CD87 or LRP/α2�MR, this receptor can bind the trun�

cated urokinase fragments lacking the growth factor�

like and kringle domains. The structure of this protein is

not yet established; however, we have found that it partic�

ipates in the process of urokinase internalization (see

below).
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We have also shown the presence of a receptor on the

surface of SMC and of some other cells which binds

urokinase through its kringle domain. This receptor is

also not studied in detail, but we have shown its key role

in the urokinase�induced activation of cell migration [8].

Thus, through the different domains urokinase can

specifically interact with a number of target receptors that

can regulate the functional activity of cells.

MECHANISMS OF REGULATION 

OF CELL FUNCTION BY UROKINASE

Cell adhesion, migration, and proliferation underlie

tissue remodeling. These processes in a large extent

depend on urokinase, which generates plasmin on the cell

surface. Wide substrate specificity allows plasmin to digest

some matrix proteins or activate a number of metallopro�

teases, which, in their turn, further degrade the compo�

nents of the extracellular matrix. Matrix proteins are the

ligands of the integrin receptors, which are being associ�

ated with the intracellular signaling systems regulate

cytoskeleton rearrangements, adhesive contacts, and

chemotaxis. Since urokinase modifies extracellular

matrix environment, it affects the integrin�regulated cell

function. Apart the plasminogen urokinase either direct�

ly or via plasmin can activate or release from extracellular

matrix a number of growth factors: hepatocyte growth

factor (HGF/SF), vascular endothelial growth factor

(VEGF165), transforming growth β�factor (TGF�β),

fibroblast growth factor (FGF�2) [1, 48, 49]. These

growth factors bind to their receptors on the cell surface

and activate intracellular signaling pathways that regulate

the cell behavior.

There is much evidence suggesting that in addition

to providing extracellular proteolysis, urokinase upon

binding to the membrane receptors activates intracellular

signaling. Urokinase�induced cytoskeleton rearrange�

ments and redistribution of adhesive contacts affect cell

adhesion and migration that may be unrelated to proteol�

ysis.

The signaling effects of urokinase are suggested to be

mediated by uPAR/CD87, LRP/α2�MR, or other mem�

brane uPA�binding proteins. It was shown that urokinase�

induced cell migration is associated with the activation of

Src� and Janus�kinases [50�52]. It has been also demon�

strated that uPAR/CD87 can be coprecipitated with the

following tyrosine protein kinases: Hck, Fyn, Lyn, Frg,

Jak1, and Tyk2 [50, 52�54]. uPAR�dependent chemotaxis

could be observed on the wild�type cells, but not on the

cells with the Src gene knockout [55]. It has been also

shown that the heterotrimeric GTP�binding proteins (G�

proteins) mediate the urokinase�induced cell chemotaxis

[52].

Urokinase activates a number of signaling pathways

that regulate cytoskeleton rearrangements. Occupancy of

uPAR by urokinase was also shown to result in activation

of Hsk kinase, focal adhesion kinase (FAK), paxillin, the

mitogen�activated protein kinase (MAP�kinase), and to

promote phosphorylation of p130CAS protein and of

DNA�binding activators of transcription STAT�1 and

STAT�2 [51, 52, 56�58]. It was observed that occupancy

of uPAR/CD87 by urokinase was followed by activation

of protein kinase Cε (PKCε) and serine phosphorylation

of cytokeratins 8 and 18 [59]. Since PKCε regulates Raf�

kinase activity [60], it is reasonable to suggest that uroki�

nase binding to uPAR could result in activation of this

kinase family.

At present, it is suggested that urokinase binding to

and endocytosis via LRP/α2�MR or VLDLR can induce

intracellular signaling. The binding of urokinase and of

some other ligands to LRP/α2�MR results in an increase

in the intracellular concentration of cAMP with subse�

quent activation of protein kinase A. Inhibition of this

response by cholera toxin suggested the involvement of

Gs�protein. The α�subunit of Gs�protein was shown to

coprecipitate with LRP/α2�MR [61]. It was demonstrat�

ed that interaction of LRP/α2�MR with the cytoplasmic

adaptor protein Disabled�1 (Dab�1) through the

sequence N�P�X�Y results in association with and activa�

tion of Src and Abl nonreceptor tyrosine kinases [62, 63]

and of the microtubule stabilizing protein tau [64]. LDL

receptor family members are also involved in the activa�

tion of MAP�kinases and in the regulation of cell adhe�

sion [65].

The role of uPAR/CD87 in urokinase�induced

intracellular signaling is usually studied using the follow�

ing forms: the active full�length urokinase, the enzyme

irreversibly inactivated with diisopropyl fluorophosphate,

the low�molecular�weight form consisting only of the

protease domain, and also the amino terminal fragment

which consists of the growth factor�like and the kringle

domains. In most cases the ability to activate the intracel�

lular signaling and cell migration was inherent to the

urokinase fragments possessing the growth factor�like

domain, which were able to bind the uPAR/CD87. Since

only one high affinity urokinase receptor was known, the

ability to transduce a signal across membrane was attrib�

uted toward the uPAR/CD87, even despite the fact that it

lacks the transmembrane and the cytoplasmic domains.

The coupling of the uPAR/CD87 with the intracellular

signaling machinery was thought to occur by the way of

interaction of the urokinase�occupied receptor with cer�

tain transmembrane proteins.

We have shown that the kringle domain of urokinase

mediates its chemotactic properties, and the kringle

domain, the kringle�containing urokinase fragments, and

the full�length uPA elicited similar chemotactic effects.

The deletion of the growth factor�like domain from uPA,

and, as a consequence, abolishing its ability to bind

uPAR/CD87, did not abolish its chemotactic properties.

The low�molecular�weight form of urokinase lacking
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both the growth factor�like and kringle domains failed to

activate cell migration. Thus, it was shown that the

kringle domain of urokinase can be involved in the induc�

tion of cell chemotaxis by uPA even in the absence of

uPAR/CD87. Our data indicated the presence of two dif�

ferent classes of binding sites for urokinase. The high

affinity binding sites represent binding of the uPA growth

factor�like domain to the uPAR/CD87, whereas the

binding to the low affinity site(s) is mediated by the

urokinase kringle domain [8]. It seems that the major

mechanism responsible for uPA�induced cell motility

involves signaling dependent on kringle interaction with

definite membrane target. We found that the specific acti�

vation of the p38 MAP kinase cascade was required for

the uPA’s kringle�induced migration, and inhibition of

this signaling pathway blocked both the uPA and uPA’s

kringle�stimulated cell migration [66]. In fact, the

chemotactic effects of the uPA forms lacking the growth

factor�like domain are independent of uPAR/CD87, and

the kringle domain�containing uPA variants are chemo�

tactic even for uPAR�deficient cells. However, ability of

the full�length urokinase to induce chemotaxis in uPAR�

expressing cells requires both the kringle domain binding

sites (kringle�associating receptor) and the sites which

bind the growth factor�like domain (uPAR). Based on our

findings, we suggest that the growth factor�like domain in

urokinase could shield the effector site on the kringle

domain which is responsible for binding/activation of the

kringle�associating receptor. It is feasible to suggest that

the effector site within the kringle domain could be

unmasked either when the growth factor�like domain in

the full�length urokinase binds to uPAR/CD87 (activa�

tion of cell migration by full�length uPA), or upon prote�

olytic elimination of the growth factor�like domain in

urokinase (cell migration activated by the growth factor�

like domain�deficient urokinase form) (Fig. 3). Recall

that a urokinase fragment lacking the growth factor

domain could be generated on the cell surface when acted

upon by a plasmin (see above).

Despite a steadily increasing flow of reports describing

signaling effects of urokinase, precise mechanisms of the sig�

nal transduction from the plasma membrane to the “execu�

tive” cell systems are not clear since adaptor transmembrane

proteins that are capable of interaction with urokinase or

with its known receptors on one hand, and with the cellular

interior on the other hand have not been identified. A possi�

ble candidate for such a partner is the integrin family of

adhesion receptors. It was reported that uPAR/CD87 co�

precipitates [53] and is co�localized [67] on the cell surface

with the integrin Mac�1 (complement receptor 3 also denot�

ed as CR3 or CD11b/CD18) of the β2�integrin family. A

physical association between Mac�1 and uPAR/CD87 on

leukocytes has been confirmed by the methods of

immunolocalization and resonance energy transfer [68, 69].

It was shown that uPAR/CD87–Mac�1 interaction is inhib�

ited by addition of N�acetyl�D�glucosamine, this suggesting

a lectin�like interaction of these receptors [70]. A region in

the α�subunit of the Mac�1 which interacts with the

uPAR/CD87 molecule has been recently localized [71].

This region (amino acid residues 400�424) is located close to

the fibrinogen�binding I�domain of Mac�1. And the

inhibitory effect of uPAR/CD87 on fibrinogen binding to

Mac�1 could be explained by the closeness of the contact

sites. Functional analysis has shown that Mac�1 can mediate

the signaling effects of the urokinase receptor [72]. The

interaction of uPAR/CD87 with Mac�1 is not permanent

and depends on the functional state of the cell. Thus, in rest�

ing neutrophils these receptors are co�localized and ran�

domly distributed throughout the cell surface, but dissociate

as cells polarize to migrate and uPAR/CD87 is moving to

the lamelipodia of the cells and Mac�1 to the uropodia [69].

On other cell types, uPAR/CD87 appears to be stably asso�

ciated with β1� and β3�integrins [70, 73�75]. Together these

data account for presence of uPAR at focal adhesion sites

[76, 77] at which integrins accumulate and interact with the

cellular cytoskeleton [40]. However, the interaction of

uPAR/CD87 with integrins explains only partially the

mechanisms which underlie the urokinase�induced cell

adhesion and migration.

uPAR is also a high�affinity receptor for the extracel�

lular matrix protein vitronectin. Vitronectin�binding

integrins ανβ3�, ανβ5 and uPAR provide adhesion of cells

on vitronectin. In addition vitronectin binds to urokinase

inhibitor PAI�1 and stabilizes its inhibitory activity serv�

ing as an extracellular depot of the functionally active

uPA inhibitor. It was shown that PAI�1 and uPAR com�

pete for binding to vitronectin [78�80]. The vironectin�

Fig. 3. Putative mechanism that describes the involvement of

uPAR/CD87 and of the kringle�associating receptor in uroki�

nase�induced cell migration. G, growth factor�like domain;

K, kringle domain; P, protease domain; uPAR, urokinase

receptor uPAR/CD87; ?, kringle�associating receptor; uPA,

urokinase.
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binding site on uPAR is distinct from the urokinase�bind�

ing site. Further, binding of urokinase to uPAR strongly

promotes vitronectin binding by uPAR [79�81]. We

recently demonstrated that in vascular SMC uPA/uPAR

are functionally associated with the ecto�protein kinase

CK2 (casein kinase 2) [82]. Cell surface�located CK2 is

capable of phosphorylating the vitronectin. We found that

vitronectin is selectively phosphorylated by CK2 in a

uPA/uPAR�dependent manner. It seems that the phos�

phorylated vitronectin is a better ligand for integrins and

uPAR when compared to unphosphorylated form. Our

results indicate that the uPA�dependent cell adhesion is a

function of selective vitronectin phosphorylation by the

ecto�kinase CK2, which activity appears to be regulated

by uPA. We also reported that uPAR/CD87 and CK2

form a functional complex with the shuttle protein nucle�

olin. Nucleolin is an abundant nuclear phosphoprotein

that shuttles between the nucleus and cytoplasm and that

also can locate on the cell surface. We demonstrated that

uPA can induce cell proliferation through the activation

of the complex, that includes uPAR/CD87, CK2 and

nucleolin [82].

Thus, the polyfunctional feature of urokinase could

be attributed to its multidomain structure and hence this

protein possesses several recognizing sites both for the

substrates and for different receptors on the cell surface.

INACTIVATION AND REMOVAL 

OF UROKINASE FROM THE CELL SURFACE

Several specific inhibitors inactivate two�chain

urokinase on the cell surface: the PAI�1, the PAI�2, the

protease nexin�1 (PN�1), and the protein C inhibitor [83�

86]. They belong to the superfamily of serpins (serine

proteinase inhibitors) that function by acting as suicide

substrates or pseudosubstrates and form an irreversible

covalent complex with their target protease. PAI�1 is one

of the main inhibitors of urokinase. Inhibition of uroki�

nase by PAI�1 is followed by the endocytosis and intra�

cellular degradation of the protease–inhibitor complex.

Kinetic analyses of the interaction between uPA and PAI�

1 suggest that the interaction between the two proteins is

a two�step mechanism. The first reaction is a rapid and

reversible association of urokinase and inhibitor. The

urokinase molecule possesses several reversible PAI�1

binding sites. One of these sites is located on the kringle

domain (amino acids 91�94) and two others on the C�ter�

minal region (amino acids 373�380 and 386�390) [6].

During a second step the inhibitor forms the irreversible

covalent complex with the urokinase. The uPAR�bound

urokinase–inhibitor complex is internalized through

clathrin�coated pits with the aid of receptors of the

LDLR family. The LDLR�relative protein, or α2�

macroglobulin receptor (LRP/α2�MR) [43�45], glyco�

protein 330, or megalin (gp300/megalin) [87], and the

receptor of very low density lipoproteins (VLDLR) are

members of the LDLR family [46]. When uPAR�bound

uPA is complexed to the inhibitor, the complex is imme�

diately internalized and degraded in the lysosomes.

The LRP/α2�MR, gp330/megalin, and VLDLR are

multiligand receptors and can bind the lactoferrin,

lipoprotein lipase, and exotoxin A of Pseudomonas aerug�

inosa, and the complexes of the proteases with α2�

macroglobulin, the complexes of the plasminogen activa�

tors with their inhibitors [62, 87�91]. The single�chain

urokinase binds to uPAR/CD87, then is turned into the

proteolytically active two�chain form, and finally com�

plexes with inhibitors such as PAI�1. Then the resulting

tripartite complex uPAR/uPA/PAI�1 binds with high

affinity (~0.5�1 nM) to the LDLR family receptors and is

internalized [44, 92]. In the endosomes, urokinase–

inhibitor complex dissociates from the uPAR/CD87 and

is degraded in lysosomes [92, 93], whereas uPAR/CD87

is recycled back to the cell surface [47]. The sites of a con�

tact between the uPAR/uPA/PAI�1 complex and the

LRP/α2�MR are located on the PAI�1 molecule and on

the urokinase within its catalytic domain and the amino

terminal fragment [94, 95]. It was demonstrated that the

single� and two�chain urokinase forms bound to the

LRP/α2�MR can be internalized and degraded even in

the absence of PAI�1 [88], but urokinase inactivation by

PAI�1 significantly facilitates the endocytosis [93, 96,

97].

Considering that the urokinase degradation prod�

ucts, among them those unable to bind to uPAR/CD87,

could occur on the cell surface, it is feasible to suggest the

additional mechanism that mediates the clearance of the

truncated urokinase forms without contribution of the

uPAR. We have demonstrated that urokinase via its PD

Fig. 4. Mechanisms of endocytosis of full�length urokinase and

of its fragments (see text). G, growth factor�like domain; K,

kringle domain; P, protease domain; uPAR, urokinase receptor

uPAR/CD87; uPA, urokinase; PAI�1, type 1 plasminogen

activator inhibitor; LRP/α2�MR, LDLR�related protein/α2�

macroglobulin receptor.
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interacts with the surface protein with mass of 200 kD

(p200). Using a competitive binding approach we found

that the p200 along with the LRP/α2�MR is involved in

binding and endocytosis of the intact uPA and uPA forms

lacking the growth factor�like domain regardless of

uPAR/CD87. When we compared the rates of internal�

ization of the full�length urokinase and the growth factor�

like domain�lacking form we found that the latter under�

goes more efficient intracellular degradation [23]. The

“classic” endocytosis of the urokinase, mediated by

uPAR/CD87 and LRP/α2�MR, seems to proceed at

lower rate if compared with the rate of urokinase inter�

nalization and degradation with the participation of the

p200. Thus, we demonstrate the existence of an addition�

al clearance mechanism for urokinase that could proceed

without contribution of the uPAR (Fig. 4). This mecha�

nism can be triggered either when uPAR/CD87 receptors

are saturated and the excess of uPA still persists or when

the urokinase fragments failing to bind to uPAR should be

removed from the cell surface. It should also be reminded

that the urokinase fragments lacking the growth factor�

like domain are chemotactic for the cells through the

kringle�dependent mechanism (see above). We suggest

that the newly discovered pathway of urokinase endocyto�

sis might be utilized by cell either for protection them�

selves from excessive proteolytic attack of the active

urokinase fragments or for modulation of urokinase�

mediated regulatory signals.

The complexity and diversity of urokinase�activated

signaling pathways suggests the existence of several effec�

tor proteins that mediate its cellular effects. Due to mul�

tidomain structure urokinase seems to be able to bring

several receptors into a united functional complex provid�

ing the cross�talk of regulatory signals. On the other

hand, it might be suggested that urokinase fragments gen�

erated upon its proteolytic processing on the cell surface

can bind to their own target receptors and provide the

physiological responses. Different expression levels of

receptors capable of binding urokinase or its fragments,

the presence or absence of uPAR/CD87, and also the

combination of urokinase�activated signaling pathways

seem to play important roles in regulation of cellular

function.
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