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Abstract—In the multistage process of carcinogenesis, invasion of malignant cells into normal tissue and their
distribution as well as the degree of tissue destruction are the key links in tumor growth and progression. The
urokinase-type plasminogen activator system (uPA system) plays the most important role in the development
of these processes. The uPA system consists of several components: serine proteinase—uPA, its receptor—
uPAR and its two endogenous inhibitors — PAI-1 and PAI-2. The role of uPA, a highly specific protease, con-
sists in triggering the processes performed by the uPA system, which result in destruction of connective tissue
matrix (CTM) and basal membranes as well as activation of numerous extracellular and intracellular signaling
pathways. uPA converts plasminogen into plasmin and in addition to the regulation of fibrinolysis, it can
hydrolyze a number of CTM components and activate zymogens of secreted matrix metalloproteinases
(MMPs)—pro-MMPs. MMPs can hydrolyze all the main CTM components and thus play a key role in the
development of invasive processes, as well as to perform regulatory functions by activating and releasing from
CTM a number of biologically active molecules involved in the regulation of the main processes of carcino-
genesis. UPA, PAI-1 and PAI-2 not only regulate uPA/uPAR activity; they are also involved in proliferation,
apoptosis, chemotaxis, adhesion, migration, and activation of epithelial-mesenchymal transition pathways.
All the above mentioned processes are aimed at regulating invasion, metastasis and angiogenesis. The com-
ponents of the uPA system are used as prognostic and diagnostic markers of many cancers, as well as serve as
targets for anticancer therapy. Selective uPA inhibitors, uPAR peptide antagonists, monoclonal antibodies
that can prevent uPA binding to uPAR, as well as antisense oligonucleotides directed against uPA and uPAR
are intensively studied in this context as putative and actual pharmacological agents.
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INTRODUCTION

Invasion of tumor cells into normal tissue is a key
process in growth and progression of malignant
tumors. This multistep process occurs due to destruc-
tion of the connective tissue matrix (CTM) [1-5].
Various proteolytic enzymes are actively involved in
degradation of CTM and the basal cell membrane;
however, the urokinase-type plasminogen activator
system (uPA system) is unquestionably crucial. The
uPA system includes uPA, a specific polyfunctional
serine proteinase (EC 3.4.21.31), its receptor, uPAR,
and two endogenous inhibitors, PAI-1 and PAI-2 [6,
7] (Fig. 1). This system is involved in the modulation
of the main processes of tumor growth and develop-
ment: angiogenesis, invasion, and metastasis [6, 8—
10]. Its components—uPA, uPAR, as well as PAI-1
and PAI-2 inhibitors—are involved in cell prolifera-
tion, apoptosis, chemotaxis, adhesion, and migration,
as well as activation of epithelial-mesenchymal transi-
tion (EMI) pathways and signal transduction path-
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ways that are directly associated with tumor progres-
sion [6, 11-22] (Figs. 1, 2).

The multifunctional uPA system performs both
proteolytic and regulatory functions. The proteolytic
functions of the uPA system are aimed at conversion of
inactive plasminogen to plasmin (EC 3.4.21.7), a
broad-spectrum serine protease; its main function
consists in cleavage of thrombin. Besides involvement
in fibrinolysis, plasmin hydrolyzes various extracellu-
lar components and activates secreted metalloprotein-
ases (MMPs), which together can hydrolyze all major
CTM components and activate a number of biologi-
cally active molecules, thus promoting development of
the malignant process [5—7] (Fig. 1). The regulatory
functions of the uPA system are realized through
uPAR, which is currently considered as a signal recep-
tor involved in activation of a number of kinases and
interacting with such transmembrane proteins as inte-
grins and growth factor receptors; this results in activa-
tion of certain signaling pathways that promote tumor
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BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY Vol. 13

progression [6, 23, 24] (Fig. 2). Cancer cells exhibit
higher expression of the components of the uPA sys-
tem than normal cells. In normal cells expression of
the PLAU gene encoding uPA is at a minimum level,
while in tumor cells it is several times higher; this leads
to an increase in uPA concentrations. PLAU expres-
sion is induced by various factors (cytokines, hor-
mones, growth factors, T-cell factors, etc.), which are
overexpressed in cancer [6, 25]. uPAR is encoded by
the PLAUR gene; its transcription is regulated by both
different transcription factors [6, 25, 26] and the epi-
dermal growth factor 2 receptor (EGFR 2) [27]. The
uPAR expression is increased in tumors, but not in
surrounding normal tissue. It serves as a marker for the
aggressive course of cancer. Currently, uPAR is con-
sidered as a promising therapeutic target for creation
of anticancer drugs, but the signaling pathways acti-
vated by uPAR in the tumor contribute to the reduc-
tion or interruption of the effects of pharmacological
agents [17]. The soluble form of uPAR, suPAR, inter-
acts with the same extracellular components as mem-
brane-bound uPAR [28—-30]. Although contradictory
results have been reported on suPAR involvement
in carcinogenesis, most researchers indicate the anti-
carcinogenic effect of suPAR [31, 32]. The action of
PAI-1 and PAI-2 is aimed at suppressing uPA activity,
and PAI-1 is more effective than PAI-2. PAI-1
demonstrates anticarcinogenic properties, as it inhib-
its activity of the uPA/uPAR complex. In addition,
PAI-1 can interact with the region of the amino acid
sequence of integrin responsible for binding to vit-
ronectin, which leads to inhibition of cell migra-
tion [6, 33]. However, PAI-1 binding to uPA during
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uPA/PAI-1 complex formation reduces PAI-1 affinity
to vitronectin [33]. Although PAI-1 is an effective uPA
inhibitor, its overexpression promotes tumor growth
and correlates with a poor prognosis [34—36]. This
suggests that PAI-1 has ligands promoting tumor
growth and these ligands differ from the uPA system
[37]. In contrast to PAI-1, a high level of PAI-2 in can-
cer is associated with a decrease in tumor growth and
metastasis [34].

Thus, overexpression of uPA, uPAR and PAI-1isa
sign of malignancy and correlates with the progression
of tumors, invasion, and metastasis, and also serves as
an unfavorable prognostic factor. In contrast, inhibi-
tion of expression of these components leads to a
decrease in the invasive and metastatic ability of many
tumors.

1. CHARACTERISTICS OF COMPONENTS
OF THE uPA SYSTEM: uPA, uPAR, PAI-1, PAI-2

1.1. Urokinase-Type Plasminogen Activator—uPA

uPA is a serine proteinase of the trypsin family; it is
characterized by extremely narrow substrate specific-
ity. The main hydrolytic function of this enzyme con-
sists in plasminogen transformation into plasmin, a
multifunctional proteinase with broad substrate speci-
ficity (Fig. 1). In mammals, a tissue-type plasminogen
activator, tPA, has been also identified; it plays a cru-
cial role in vascular fibrinolysis (EC 3.4.21.68). In a
plasminogen molecule consisting of 791 residues, uPA
and tPA hydrolyze the same peptide bond located
between Arg561—Val562 [38]; at the same time plas-
minogen is converted into plasmin. uPA and tPA are
synthesized as precursors, and plasmin is their main
activator [6, 10]. The uPA molecule is synthesized as a
precursor, pro-uPA; in the human body it is encoded
by the PLAU gene located on chromosome 10g24.
Pro-uPA is secreted as a single-chain protein consist-
ing of 411 residues with molecular mass of 53 kDa [39,
40]. Activation of pro-uPA occurs when it binds to its
own receptor—uPAR; this is accompanied by cleavage
of one peptide bond located between Lys158—I1e159.
This process involves membrane-bound plasmin
(Fig. 1) or some other proteinases, such as cathepsins
B and L, thermolysin, trypsin, kallikrein. The activa-
tion leads to the formation of the active form of uPA,
consisting of two polypeptide chains, A and B, con-
taining 158 and 253 residues, respectively, which are
linked together by a disulfide bond Cys148—Cys270
[19, 41, 42]. Activated uPA triggers a proteolytic cas-
cade, including plasminogen activation followed by its
transformation into plasmin, which serves as the main
activator of matrix metalloproteinase precursors (pro-
MMPs) responsible for CTM destruction and partici-
pating in activation of a number of regulatory mole-
cules that are involved in both external and in the
internal signaling (Fig. 1) [6, 8, 10]. The catalytically
active uPA (consisting of two polypeptide chains),

which has a very narrow specific activity, converts
plasminogen into plasmin, the main pro-uPA activa-
tor. The resultant uPA activates plasminogen. Thus,
reactivation, reproduction, and accumulation of uPA
and plasmin occur in the pericellular space (Fig. 1).
This process is a fast and effective source of uPA, plas-
min, MMPs and regulatory factors that play a crucial
role in the processes of adhesion, migration and inva-
sion of cells in normal physiological and pathological
conditions.

1.2. uPA Receptors: Membrane Bound uPAR
and Soluble suPAR

The uPAR receptor belongs to the family of recep-
tors associated with the cell membrane via glycosyl-
phosphatidyl-inositol  (GPI-anchored receptors).
uPAR lacks a transmembrane region and this deter-
mines its mobility on the cell surface (Fig. 2). The
human uPAR gene PLAUR is located on chromosome
19q13 and encodes a protein consisting of 335 residues
[40]. uPAR serves as a receptor for both uPA and pro-
uPA. uPAR binding to uPA and to pro-uPA stimulates
conversion of single-chain pro-uPA into active dou-
ble-chain uPA, which contributes to the manifestation
of its proteolytic functions and first of all conversion of
plasminogen to plasmin [43]. uPAR is a signaling
receptor that binds CTM adhesive proteins, vitronec-
tin and fibronectin; different receptor sites are
involved in interaction with vitronectin and uPA,
which makes it possible to y bind simultaneousl both
ligands and affect its adhesive and proteolytic proper-
ties. It has been found that uPAR can interact with
transmembrane proteins, such as integrins and growth
factor receptors coupled to G-proteins (GPCR); this
results in activation of intracellular signaling through
activation of various kinases, such as MAPK, FAK,
Src, Rac, Jak and others (Fig. 2) [6, 7, 44, 45]. uPAR
interaction with transmembrane ligands activates ion
proliferation, differentiation, adhesion, and cell
migration. These processes occur independently of the
proteolytic activity of uPA.

uPAR exists not only in membrane-bound, but also
in soluble form (suPAR), which is released from the
plasma membrane cleavage of the GPI-anchor cata-
lyzed by specific phospholipases C and D [32]. suPAR
is found in biological body fluids, endothelial cell
lines, and also in various tumors [46, 47]. It is sug-
gested that formation of suPAR is a regulatory mecha-
nism aimed at reducing the amount of membrane-
bound uPAR on the cell surface; it includes competi-
tive displacement of the uPA/uPAR complex followed
by termination of its signaling. It has been found that
suPAR can directly (and independently of uPA) block
the uPAR signaling; suPAR binds the same extracellu-
lar ligands that interact with uPAR, for example, to
uPA and vitronectin; this prevents interaction with
uPAR, and thus reduces proteolytic and adhesive
activities of the cell [28, 29]. At the same time, sSuPAR
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interaction of with integrins can induce adhesion [30].
The role of suPAR in the development of different
types of tumors is ambiguous. An elevated level of
suPAR was detected in various carcinomas [48]; it also
served as a negative prognostic factor in multiple
myeloma [49], colorectal [50], breast and lung [51]
carcinomas. At the same time, at high levels of suPAR
(which could result in increased binding of suPAR to
uPA) there was a decrease in the growth and develop-
ment of ovarian and mammary gland carcinomas [52,
53]. Animal studies have shown that suPAR cleavage
by proteinases neutralized its inhibitory effect on
tumor development. It is suggested that the proteolytic
cleavage of suPAR represents the mechanism of neu-
tralization of the anticarcinogenic activity of suPAR
[31].

1.3. Endogenous Inhibitors of uPA:
PAI-1 and PAI-2

PAI-1 and PAI-2 are specific endogenous uPA
inhibitors (Fig. 1); they belong to the family of serine
proteinase inhibitors, serpins. Two other members of
the serpin family, nexin-1 and protein C inhibitor
(PAI-3), can also interact with uPA; however, their
effect on the uPA activity is very small.

PAI-1 (serpin-1) is the main uPA inhibitor, which
is widely distributed in cells, organs and tissues of the
human body. It has been found in endothelial cells,
platelets, fibroblasts, hepatocytes, macrophages, as
well as in plasma, placenta, vascular smooth muscle,
and adipose tissue stromal cells [54]. PAI-1 is local-
ized in the extracellular space [55, 56]. PAI-1 is
encoded by the serpinl gene located on chromosome
7q21.3-q22. Gene transcription is controlled by vari-
ous regulatory factors, characterized by altered expres-
sion in carcinogenesis [40, 57]. The PAI-1 molecule is
a single polypeptide chain with molecular mass of
45 kDa, which consists of 379 or 381 residues. The
binding site of uPAR with uPA is located at the C-ter-
minal part of the molecule and the interaction occurs
via the peptide bond Arg346—Met347 [54]. The stable
PAI-1/uPA complex with a 1 : 1 stoichiometry is
formed very quickly. PAI-1 can interact with vitronec-
tin, affect cell adhesion and migration, as well as
inhibit apoptosis regardless of its interaction with uPA
[42]. The data obtained indicate that PAI-1 blocks the
activity of the uPA system and the uPa/uPAR com-
plex, and thus exhibit an anticarcinogenic effect.
However, PAI-1 overexpression promotes tumor
growth, invasion, as well as angiogenesis and cor-
relates with poor prognosis [6, 55, 56]. It is suggested
that there are sites on the surface of PAI-1 that differ
from the binding sites with the uPA system and these
sites promote tumor growth [6, 55, 56, 58].

PAI-2 is encoded by the serpin2 gene located on
chromosome 18g21.3. As in the case of PAI-I, gene
transcription is regulated by various factors. PAI-2
belongs to the group of structurally conservative oval-
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bumin-like serpins [19]. PAI-2 exists in 2 forms; the
first is an intracellular protein of 415 residues and
molecular mass of 47 kDa. The second form is a
secreted extracellular protein from molecular mass of
60 kDa. The inhibitor reactive center includes the
Arg380-Thr381 peptide bond, which participates in
interaction with uPA. The major proportion of PAI-2
is a protein that remains inside the cell and whereas
only a small part of PAI-2 is secreted. The secreted
PAI-2 protein is an effective uPA inhibitor, although it
acts slower than PAI-1 [59, 60]. Intracellular PAI-2
has been shown to play a role in the control of apopto-
sis [61, 62]. Good evidence exists that PAI-2 is
involved in regulation of collagen remodeling in the
stroma, thus affecting tumor growth and invasion [12].
High expression of PAI-2 has been found to correlate
with increased lifespan of patients, a decrease in tumor
growth and metastasis, as well as a decrease in the
tumor growth rate in various types of cancer [55, 56,
63, 64].

2. PHYSIOLOGICAL FUNCTIONS
OF THE uPA SYSTEM

The components of the uPA system play an
important role in various normal physiological and
pathological processes (Fig. 3). In normal cells,
expression of the PLAU and PLAUR genes encoding
uPA and uPAR, respectively, is at a minimally low
level, which increases dramatically under pathological
conditions especially pronounced in carcinogenesis
and inflammation [40]. The uPA system plays a key
role in the fibrinolytic system, which is responsible for
conversion of inactive plasminogen to plasmin. The
main physiological function of plasmin consists in
cleavage of fibrin. Under physiological conditions,
fibrin formation induces plasminogen activation by its
activators (uUPA and tPA), which convert plasminogen
into plasmin on the surface of fibrin clots and resultant
plasmin degrades these clots to soluble fragments [65].
Plasmin can cleave fibrinogen and a number of blood
coagulation factors, as well as activate inactive forms
of MMPs (pro-MMPs) responsible for the CTM deg-
radation. These processes are involved in the normal
physiological homeostatic mechanism of wound heal-
ing [66].

The components of the uPA system and plasmin
may be involved in the regulation of hematopoiesis.
They activate cytokines such as fibroblast growth fac-
tor (FGF), transforming growth factor B (TGF-f),
interleukin-1 (IL-1B). The study of the effect of
these cytokines on the regulation of plasminogen acti-
vators (UPA and tPA) and their inhibitors PAI-1 and
PAI-2 in human bone marrow stromal fibroblasts has
shown that all three cytokines stimulated secretion
and expression of uPA and tPA (from 10 to 300 times).
PAI-1 and PAI-2 are also regulated by these cytokines.
IL-1B insignificantly reduced the PAI-1 level but
caused a 6-fold increase in the PAI-2 level. FGF and
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Fig. 3. Physiological functions of the uPA system. Under normal physiological conditions, the uPA system is involved in various
biological processes, such as fibrinolysis, wound healing, hematopoiesis, innate and acquired immunity, angiogenesis, activation
of growth factors and cytokines, chemotaxis, cell migration, spermatogenesis.

TGF- had no effect on the PAI-2 level. Thus, these
three cytokines are involved in the regulation of uPA
and tPA levels and their inhibitors in the bone marrow
stromal cells. Formation of uPA and tPA and plasmin
in the bone marrow can be one of the factors regulat-
ing hematopoiesis [67, 68].

The uPA system is involved in both normal physio-
logical and pathological angiogenesis. Angiogenesis is
a multistep process that begins with activation of
endothelial cell induced by proangiogenic factors and,
first of all, VEGF and its receptors, the main regula-
tors of angiogenesis in both the embryonic and post-
natal development of the organism [69]. VEGF is
released from the CTM via the proteolytic cascade
triggered by the uPA/uPAR complex. uPA is the key
regulator of this process [6, 10]. The proteolytic cas-
cade results in formation of plasmin, activation of
MMPs and a number of physiologically active factors
required for the development of angiogenesis. Physio-
logical angiogenesis occurs during fetal development
and growth; it develops evenly and orderly, with mod-
erate intensity, and leads to formation of normal ves-
sels. Pathological angiogenesis occurs during regener-
ation of damaged tissues, carcinogenesis, chronic
inflammatory diseases, myocardial infarction, etc.; it
leads to formation of abnormal, heterogeneous vessels
with irregular branching and high permeability for
plasma proteins [69].

The uPA system is involved in both innate and
acquired immunity. It has been found that expression
of components of the uPA system occurs in various
types of hematopoietic cells responsible for immunity
[70]. Their expression levels change dramatically in
infections thus implying involvement of the uPA sys-
tem in the immune response. Bacterial infection is
characterized by activation of proinflammatory cyto-
kines, such as tumor necrosis factor (TGF-o), inter-
leukin-1o and interleukin-13 (IL-1o., IL-1p), inter-
feron v; this results in an increase in the expression and

secretion of uPA by various types of monocytes, neu-
trophils, parts of lymphocytes, epithelial and endothe-
lial cells involved in innate immunity [71]. The uPA
system is also involved in acquired immunity; uPA and
uPAR expression was significantly increased during
T cell activation as compared to their expression level
in resting cells [72]. In uPA-deficient mice, T-helpers 1
and 2 were shown to lose their ability to react on
pathogen action [73, 74]. uPAR blockade limited
migration of leukocytes in vitro and prevented T cell
concentrating in vivo [75].

The uPA system plays a key role in chemotaxis. The
chemotactic activity of uPA is determined by its N-ter-
minal domain, which lacks a catalytic center and does
not possess proteolytic activity. Chemotaxis depends
on the interaction of uPA with uPAR. The presence of
uPAR on the surface of leukocytes provides uPA con-
centrating on them [68]. It is suggested that formation
of suPAR causes a decrease in the uPAR content on
the cell surface [31]. In non-migrating resting cells,
uPAR is located on their apical side, and during
migration it moves to the leading edge of cells [76]. In
addition, cell migration contributes to CTM destruc-
tion by products of the uPA system, such as MMPs
and plasmin, and the components of the uPA system
provide activation, modification and release of biolog-
ically active molecules from CTM, which activate a
number of extracellular and intracellular signaling
pathways [5—7, 23, 24].

The uPA system is involved in the regulation of
male reproductive function; uPA is found in semen, in
the testice and its appendages, as well as in the pros-
tate. uPA improves sperm motility, induces acrosomal
reaction and increases the sperm ability to fertilize
eggs [77]. These data suggest the development of a new
approach to male contraception [78].
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3. FUNCTIONS OF THE uPA SYSTEM
IN THE REGULATION OF DESTRUCTIVE
PROCESSES IN CARCINOGENESIS

The components of the uPA system are involved in
the development of the main processes of tumor
growth and development: invasion, metastasis, and
angiogenesis (Fig. 4). The functions of the uPA system
are divided into two types: dependent and indepen-
dent of its proteolytic action.

3.1. Proteolytic Functions of the uPA System

The first type of the uPA system functions includes
the proteolytic cascade, which is initiated by uPA after
its interaction with uPAR; the cascade includes activa-
tion of pro-uPA and formation of plasmin caused by
uPA. Plasmin can independently degrade many CTM
proteins, including fibrin, laminin, fibronectin and
perlecan (heparan sulfate proteoglycan), as well as
activate latent secreted MMPs, such as MMP-1,
MMP-3, MMP-8, MMP-9, MMP-12, and MMP-13
[6, 7, 16]. MMPs exhibit relative substrate specificity,
but collectively they are able to hydrolyze all the major
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CTM components: MMPs-1-8-13 cleave the fibrillar
collagen types I, 11, III, V, VII, X, XI, fibronectin,
laminin, vitronectin, aggrecan, entactin and others;
MMPs-2-9-3-12 cleave type IV collagen (the main
component of the basement membranes), as well as
collagen types 111, V, VII, X, XI, elastin, fibronectin,
laminin, vitronectin, aggrecan, plasminogen, etc.;
MMPs-3-10-12-13 cleave elastins, proteoglycans, col-
lagen types 111, 1V, V, VII, IX, X, XI, fibronectin, vit-
ronectin, laminin, etc., as well as other substrates
unrelated to CTM [1, 2, 5]. The action of MM Ps leads
to destruction of CTM and basement membranes,
which promoting development of invasive and meta-
static processes. In addition to destructive functions
MMPs play a regulatory role by activating, inactivating
and modifying properties of a number of biologically
active molecules (Figs. 1, 4). It has been shown that
proteolysis of CTM components such as laminin and
fibronectin leads to formation of fragments of these
proteins exhibiting their own biological activity: they
can stimulate motility and migration of cancer cells
[3—5, 42]. Degradation of CTM leads to release of
STM-associated mitogenic and angiogenic growth
factors such as bFGF (basic fibroblast growth factor),
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VEGF (vascular endothelial growth factor), HGF
(hepatocyte growth factor), IGF (insulin-like growth
factor), EGF (epidermal growth factor), and TGF-f
(transforming growth factor ), which are able to stim-
ulate growth and proliferation of cancer cells and
angiogenesis [6, 7]. This proteolytic cascade depends
on the type of tumors and is especially important in
the early stages of tumor progression, when degrada-
tion and remodeling of the tumor-surrounding tissue
is important [1, 7, 10, 19].

3.2. Functions of the uPA System Independent
of Its Proteolytic Functions

The second type of uPA system functions include
functions that are not related to its proteolytic role but
may also contribute to tumor progression. During the
last decade, experimental evidence has been obtained
indicating that uPAR functions not only as a protein-
ase receptor, but also as a signaling receptor that have
a significant impact on migration, adhesion, differen-
tiation, and cell proliferation via intracellular signaling
pathways (Figs. 2, 4). The uPAR functioning as a sig-
nal receptor does not depend on the uPA proteolytic
activity [6, 7, 15]. uPAR is able to interact with a num-
ber of plasma membrane proteins, such as some integ-
rins, transmembrane growth factor receptors (EGFR)
and chemokine receptors coupled to G-proteins [16,
79, 80]. uPAR binding to uPA and co-receptors can
initiate various signaling pathways either through acti-
vation of MAPK, FAK, Src and Rac kinases, or
through activation of JAK, STAT, PI13-K kinases [6, 7,
10, 79].

Integrins are the most studied and important co-
receptors of uPAR. They are associated with various
signaling molecules, for example, kinases from the
FAK and Src families, which activate signaling path-
ways stimulating tumor progression [6, 7, 43, 81].
uPAR interacts with 1, B2 and oV integrins [6, 7, 43]
as it has been demonstrated on various types of cancer
cells including: lung cancer, breast cancer, ovarian
cancer, melanoma, prostate cancer and head and neck
carcinoma [80]. It is suggested that activation of a spe-
cific uPAR mediated signaling pathway depends on its
interaction with certain integrins. For example, uPAR
interactions with B1-integrins are associated with acti-
vation of FAK and ERK signaling, while uPAR inter-
action with B3 integrins is associated with activation of
Rac signaling [79]. It has been shown that some uPAR
co-receptors, such as the proteins caveolin and tetra-
spanin (CD82/KAIl, tumor metastasis suppressor)
[82], can also form complexes with integrins, and thus
affect their interaction with uPAR and thus influence
tumor progression.

It should be emphasized that during tumor devel-
opment increased expression of uPAR is observed
only in the tumor tissue, but not in the normal tissue
surrounding the tumor. Therefore, uPAR can serve as
a marker for the tumor destructive potential [83].

The soluble receptor suPAR competes with uPAR
for binding to uPA and a number of extracellular regu-
latory molecules, thus suggesting its anticarcinogenic
effect. However, existing data on the suPAR involve-
ment in the process of tumor development are contra-
dictory and suggest that an increase in the suPAR
expression can serve as a negative prognostic factor
[49—51, 84] and can also reduce the development of
tumor growth and development processes [52, 53].
Experiments on cell lines have shown that suPAR can
directly and independently of uPA block uPAR signal-
ing pathways. This process depended on the cell type
and signaling pathways induced by the uPA/uPAR
system in these cells. The inhibitory effect of suPAR
signaling on cell growth and invasion processes was
established. The proteolytic cleavage of suPAR neu-
tralized its anticarcinogenic action [31].

There is another pathway by which uPA can affect
intracellular processes, regardless of proteolytic activ-
ity and enzyme degradation, as well as uPAR binding
(Fig. 4). It has been shown that uPA interaction with
the nucleocytoplasmic shuttle protein, nucleolin,
leads to rapid uPA translocation into the nucleus,
where it can participate in regulation of gene tran-
scription, particularly, to induce expression of smooth
muscle o-actin [16, 85].

3.3. The Role of the uPA System in Induction
of Proliferation, Adhesion, Migration and Apoptosis
of Tumor Cells

The ratio of the processes of increased proliferation
to inhibition of apoptosis is an important link in the
development of tumor progression. The ability of the
uPA system to induce proliferation of human cancer
cells has been demonstrated in a number of in vitro
and in vivo studies [16, 85]. Molecular mechanisms
determining involvement of the uPA system in the
proliferation process include both proteolytic and reg-
ulatory functions. The proteolytic cascade, initiated by
uPA interaction with uPAR, provides CTM destruc-
tion and activation/release of growth factors (VEGF,
FGF, IGF, etc.), that stimulate proliferation and
tumor growth [6, 8, 10]. In addition, proliferation of
cancer cells depends on the interaction of the
uPA/uPAR complex with integrins; this leads to acti-
vation of proliferation through the p38MAPK signal-
ing system [16]. uPA stimulates proliferation regard-
less of its proteolytic activity and interaction with
uPAR. It is suggested that this process is regulated via
the ERK/MARK signaling pathway triggered by inte-
grins [16, 86]. The uPAR interaction with integrins of
the B1 family (a5B1 and a3B1) and with EGFR is
responsible for its participation in proliferation. Thus,
binding of uPAR to o531 integrin induces activation
of the ERK/MAPK signaling pathway that controls
proliferation, cell motility, and apoptosis [6, 7, 44,
45]. The ERK/MAPK signaling pathway is also acti-
vated when uPAR interacts with EGFR [44]; the latter
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is involved in regulation of cell proliferation, survival,
and tumor growth [6, 7, 87]. It is suggested that the
important role of EGFR in tumor progression is
directly related to uPAR signaling, because both
invitro and in vivo experiments have shown that
expression of uPAR is a necessary precondition for
activation and manifestation of the EGFR mitogenic
activity [10]. It has been shown that in serum of pros-
tate cancer patients, the levels of EGFR and uPAR are
positively correlated with each other [88]. Using the
COS-7 cell line (green African monkey kidney fibro-
blasts), it has been demonstrated that EGFR inhibi-
tors are able to block signal transduction pathways ini-
tiated by the uPA-uPAR interaction, and therefore
have a negative impact on proliferation [31].

Involvement of the uPA-system in adhesion and
migration of cell in cancer is currently well studied [6,
7,9, 10, 42]. Cell migration is of great importance for
development of metastasis and angiogenesis; it
depends on particular components that regulate cell
adhesion and their release from CTM. Regulation of
these processes occurs in several pathways. As in the
case of proliferation, the influence of the uPA system
on adhesion and migration is determined by its pro-
teolytic and regulatory functions. First, CTM degra-
dation performed by products of the uPA system—
plasmin and MMPs—results in destruction and
remodeling of tumor-surrounding tissues; this pro-
motes cell migration and modification of a number of
adhesive molecules (fibrin, laminin, vitronectin, inte-
grins, interleukins, etc.), as well as activation of physi-
ologically active molecules, such as growth factors,
cytokines, etc. These processes stimulate migration
and affect the adhesive properties of the cells. Sec-
ondly, uPAR interaction with uPA and co-receptors
leads to activation of intracellular signaling pathways,
which affect cell adhesion, proliferation, differentia-
tion, and migration regardless of the proteolytic func-
tion of the uPA system [1, 6, 7]. It has been shown that
the integrin-dependent activation of the ERK/MAPK
signaling pathway, which induces cell proliferation,
survival, and cell motility, is essential for stimulation
of cell migration, [6, 7, 42].

However, uPAR interaction of with various integ-
rins and adhesive molecules leads to different effects.
Direct uPAR binding to vitronectin in the extracellular
matrix facilitates cell adhesion, migration, and inva-
sion [89—91]. This interaction is stimulated by the
uPAR binding to uPA and is inhibited by PAI-1 (uPAR
and PAI-1 interact with the same vitronectin
site) [91].

The uPA system is involved in inhibition of apopto-
sis. It has been shown that cells of a number of malig-
nant tumors, such as breast, rectum and lung cancers,
are resistant to apoptosis [6, 7, 9, 10]. There is a cor-
relation between expression of uPA and uPAR and cell
sensitivity to apoptosis. In epithelial cell lines the
uPAR expression level positively correlated with cell
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resistance to apoptosis, while uPA or uPAR blockade
with specific antibodies led to increased apoptosis in
tumor cells [16, 92]. PAI-1 can be involved in both
increasing and inhibiting apoptosis. For example, in
prostate cancer, PAI-1 expression correlated with an
increase in apoptosis in tumor endothelial cells [93].
However, in some cases, PAI-1 reduced apoptosis
through inhibition of caspase-3, involved in regulation
of this process [94, 95].

3.4. The uPA System in the Epithelial-Mesenchymal
Transition

Cancer cells that have separated from the tumor
and migrated into the surrounding tissue can change
their morphological properties and acquire the phe-
notype characteristic of mesenchymal cells. These
cells are characterized by higher invasiveness, migrat-
ing capacities, as well as increased resistance to apop-
tosis than epithelial cells [96, 97]. This process is
known as the epithelial-mesenchymal transition
(EMT). It represents an important step leading to
invasion and metastasis, in which the uPA system
plays a significant role [98]. Mesenchymal type inva-
sion was observed during development of various
malignant tumors, for example, fibrosarcoma, glio-
blastoma, melanoma, etc. [99—102]. One of the
mechanisms responsible for EMT induction is
hypoxia, which is observed when cancer cells are sep-
arated from a tumor and located at a distance of more
than 180 um from blood vessels [20]. Using the epithe-
lial cell lines CHO and 293 (hamster ovary and human
embryonic kidney, respectively), it was demonstrated
that phenotypic changes similar to the changes occur-
ring in EMT were observed in cells expressing uPAR
and depended on direct interaction of uPAR with vit-
ronectin [103, 104]. In the human breast cancer cell
line MDA-MB-468 characterized by an epithelial cell
phenotype, hypoxia was found to induce EMT by
increasing UPAR expression and activating uPAR-
dependent cellular signaling. uPA binding to uPAR
activates ERK1/2- and PI3-K-mediated signaling
pathways, and direct interaction of uPAR with vit-
ronectin activates Rac1 signaling, which promotes cell
migration [20, 105]. EMT induced by uPAR is a
reversible phenomenon that can be canceled by reox-
ygenation, which prevents uPA interaction with uPAR
and inhibits PI3K, Src and ERK-mediated signaling.
The study of the MDA-MB-231 breast cancer cell
line, which has a mesenchymal phenotype, has shown
that a high level of uPAR expression in cells is neces-
sary maintenance of mesenchymal morphology by the
cells, while uPAR gene knockdown changed their phe-
notype to the epithelial one [20]. It is suggested that
EMT represents the main route for metastasis of
tumor cells [7].
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3.5. uPA System in Angiogenesis

Angiogenesis, the process of formation of new
blood vessels, depends on activation, proliferation,
adhesion, migration, and maturity of endothelial cells.
It is one of the most important mechanisms of tumor
growth. Increased intensity of angiogenesis is one of
the main causes of the rapid growth of malignant
tumors, as well as one of the mechanisms for its metas-
tasis. Angiogenesis begins with activation of endothe-
lial cells by pro-angiogenic factors, such as VEGF
and interleukins [6, 106, 107]. One of the main stimu-
lators of angiogenesis is hypoxia, in which the activa-
tor of the transcription of angiogenesis factors,
factor 1 (HF1), induces expression of many angio-
genic factors, and, first of all, the main inducer of
angiogenesis—VEGF and its receptors [16]. The uPA
system increases tumor angiogenesis induced by
VEGF via activation of pericellular proteolysis,
increased vascular permeability and by maintaining
proliferation and migration of endothelial cells [108,
109]. The main mechanism by which the uPA system
stimulates angiogenesis is the proteolytic cascade trig-
gered on the cell surface by the uPA/uPAR complex,
which involves formation of plasmin, activation of
MMPs, CTM degradation, release of CTM-associ-
ated growth factors, such as VEGF, VEGF-E, bFGF,
EGF, HGF, and cytokines [10, 19, 108, 110]. In stom-
ach cancer there was a significant correlation between
the expression levels of uPA, uPAR, PAI-1 and
VEGF, and clinical and pathological factors. Evalua-
tion of the number of microvessels in endothelial cells
showed that their number was significantly higher in
patients with increased expression of uPA, uPAR or
VEGEF [111]. Ex vivo experiments have demonstrated
that single-chain uPA increased expression of the
VEGTF receptors (VEGFR-1 and VEGFR-2) on the
endothelial cell surface and promoted cell migration
[112]. Increase uPA expression in endothelial cells
resulted in an increase not only in cell proliferation,
but also in cell migration and formation of capillary
structures, while uPA binding to uPAR and activation
of not only pro-uPA, but also the MAP kinase signal-
ing pathway led to the migration of endothelial cells
and angiogenesis [16]. In addition, it was shown that
suPAR could promote angiogenesis regardless of its
participation in the proteolytic cascade [113]. The role
of PAI-1 in the regulation of angiogenesis is multi-
functional; low expression of PAI-1 has a stimulating
effect on angiogenesis, while increased expression
inhibits it [114]. However, studies have shown that
PAI-1 expression by host cells but not by the tumor
cells is the determining factor for development of the
vascularization process. In the in vivo system, high
PAI-1 concentrations produced by tumor cells did not
compensate the lack of PAI-1 in host cells and did not
inhibit tumor angiogenesis [11, 115, 116].

4. CLINICAL IMPORTANCE
OF DETERMINATION OF THE uPA SYSTEM
COMPONENTS IN CANCER

The knowledge on the important role of the uPA
system components in the progression of malignant
tumors is employed in clinical practice, where they are
used as diagnostic, prognostic and therapeutic targets,
because in malignant tumors their expression is usu-
ally higher than in normal tissues (Table 1).

The overexpression of uPA is an indicator of low
overall and relapse-free survival. The higher uPA
expression was found in actively invasive and meta-
static tumors as compared with the primary tumor
[107, 111] (Table 1). uPAR, as well as uPA, is expressed
by tumor cells and its level is associated with tumor
aggressiveness. Since increased uPAR expression is
observed in the tumor tissue, but not in surrounding
normal tissues, it is proposed to use uPAR as a thera-
peutic target [8, 10, 15, 117, 118]. The uPA inhibitors,
PAI-1 and PAI-2, are present in the tumor tissue and
plasma. The role of PAI-1 consists not only in inhibi-
tion of invasion and metastasis (through inhibition of
plasminogen activation and the subsequent proteolytic
cascade), but also in tumor protection against proteol-
ysis [36, 119—121]. This may be one of the plausible
explanations that a high level of PAI-1 is often an
unfavorable prognostic factor. The increased PAI-1
level is associated with increased risk of metastasis and
tumor recurrence, while the increased PAI-2 level in
the tissue correlates with a favorable prognosis [6, 34].
In various human malignant tumors, increased
expression of uPA, uPAR, and PAI-1, as well as posi-
tive correlation between their levels, is a poor progno-
sis [6, 9, 10, 121, 122].

Data of Table 1 on the role of various components
of the uPA system in most common malignant tumors
of various organs, indicate that as a rule, the compo-
nents of the uPA system are good prognostic markers
for overall and relapse-free survival, as well as for the
results of cancer treatment, and the level of their
expression correlates with invasion and metastasis.
For example, an increased level of uPA in tumor tissue
has a prognostic value in breast, stomach, esophagus,
ovarian, prostate, lung, liver, and other cancers; high
levels of uPAR are associated with poor prognosis for
breast, endometrial, prostate, lung, stomach, liver and
colon cancers; an increased level of PAI-1 correlates
with reduction in overall and/or relapse-free survival
in cancer of the kidney, ovary, breast, colon, liver and
other cancers (Table 1).

Data presented in this review show that changes in
the expression level of components of the uPA system,
particularly increased concentrations of uPA, uPAR
and PAI-1, are observed in almost all malignant
tumors of various localization. Data available in the
literature indicate that the uPA/uPAR complex may
serve as the best prognostic indicator, and changes in
the ratio of uPA to its endogenous inhibitors PAI-1
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Table 1. The role of the uPA system in malignant tumor development in various organs

Cancer localization Components The role of the uPA system in tumor development References
Breast uPA, PAI-1, and uPAR | Prognostic markers for relapse-free and overall survival and also for 123
results of cancer treatment; correlate with tumor invasion and 124
metastasis; high expression is associated with poor prognosis 125
126
PAI-2 High level is associated with favorable prognosis 127
Ovarian carcinoma | uPA and PAI-1 The prognostic value for overall survival during tumor progres- 128
sion, where expression of these components has been increased 129
130
131
suPAR It is associated with poor survival of patients with a high level of 132
(soluble uPAR) expression before surgery; it is important for predicting and eval-
uating chemotherapy effectiveness
Cervical carcinoma | uPA Increased expression in the tumor. Assessment of localization in 133
uPA and PAI-1 tissues may predict lymph node metastasis 134
uPA and PAI-1 Increased expression in invasive cervical carcinoma 13
and PAI-2 120
Endometrium uPAR, suPAR Increased expression in plasma and tissues correlated with 135
tumor progression 136
PAI-1 High levels correlated with shorter relapse-free and overall sur- 137
vival and advanced cancer stages 138
Prostate uPA, and uPAR High expression level correlated with aggressiveness, progression 139
after surgery, invasion, metastases, and also with overall and
relapse-free survival
suPAR Low overall survival at increased expression 140
PAI-1 Increased expression was associated with tumor development 141
and survival of patients 142
Colon/rectum uPA, PAI-1 and uPAR | Prognostic markers for tumor progression, survival of patients 143
after surgery and therapy 144
uPAR, PAI-1 and PAI-2| Overexpression is associated with poor response to therapy. 145
suPAR High level before surgery is associated with poor prognosis for sur- 146
vival
Lung uPA, uPAR, Expression increases in tumor tissues of non-small cell lung can- 147
PAI-1 and PAI-2 cer 148
suPAR Increased expression is associated with short overall survival in 149
small cell lung cancer
Pancreas uPA Increased expression is associated with low survival of patients 150
after pancreatic resection
PAI-2 The gene encoding PAI-2, often eliminates with pancreatic ade- 151
nocarcinoma and this leads to increased metastasis
Stomach uPA and uPAR Increased expression correlates with low survival rate and can be 152
used as a prognostic marker (although some studies question 153
this viewpoint)
uPA, uPAR Low expression correlates with better survival rate of patients 8
uPA and PAI-1 Prognostic factors for relapse-free survival 154
Esophagus uPA, PAI-1 The ratio uPA/PAI-1 correlates with invasion and survival rate 9
of patients
uPA Increased expression is associated with low overall survival 155
PAI-2 Protects against local invasion 8
Liver uPA, uPAR, PAI-1 High expression in tumor tissues promotes increased invasion 8
and metastases
uPAR, PAI-1 Expression level correlates with poor prognosis 156
Head and neck uPA, PAI-1 and suPAR| Increased expression correlates with invasion and metastasis and 157
has a prognostic value 158
159
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and PAI-2 are the better survival parameter
than determination of only the levels of uPA/uPAR or
PAI- 1 and PAI-2 [6, 7, 9]. Inhibition of expression of
uPA and uPAR or blockade of their interaction sup-
presses progression of various types of cancer [11, 19,
107, 160]. It should be noted that besides determina-
tion of the components of the uPA system, products of
uPA-mediated activation of pro-MMPs by plasmin
can be used as direct markers of tumor potential, as
evidenced by numerous data on the role of MMPs in
invasion and metastasis, including our results of the
study of the role of MMP-1, -2, -9 in squamous carci-
noma of the cervix [3—5, 133, 134].

5. DIAGNOSTIC METHODS FOR ESTIMATION
OF EXPRESSION OF THE uPA SYSTEM
COMPONENTS IN MALIGNANT TUMORS

Numerous data on the altered expression of the
uPA system components in malignant tumors suggest
their use as informative diagnostic, prognostic, and
therapeutic targets [6—8, 106, 161]. For this purpose
several methods are used. Determination of the con-
tent of particular components of the uPA system is
performed by an enzyme immunoassay (ELISA)
method, which requires the use of fresh or freshly fro-
zen tissue samples [162]. The other method employs
analysis of uPA and PAI-1 expression by the level of
their mRNA [163—165]. In contrast to the ELISA
method, the advantage of the latter method consists in
the use of formalin-fixed tissue samples. A compara-
tive analysis of changes in the methylation degree of
the promoter region of genes encoding components of
the uPA system in tumor and normal cells is also used
in diagnostics of cancer. The change (most often DNA
hypermethylation) is found in tissues of various types
of tumors. The advantage of this method is that DNA
is more stable and can be isolated from paraffinized
tissue samples prefixed in-formalin [166].

Various approaches aimed at creating drugs that
interact with components of the uPA system have been
used for the development of therapeutic agents with
anticancer activity. Since the components of the uPA
system are located outside the cell, they can serve as
targets for various peptides and antibodies. Peptides or
peptidomimetics as well as antibodies were used as
uPA inhibitors [6—8, 11, 167]; low molecular weight
antagonists of PAI-1 and antibodies were used to sup-
press PAI-1; in the case of uPAR low molecular weight
peptides, monoclonal antibodies aimed at blocking
the interaction of uPAR with uPA, as well as antisense
RNA and target toxins were used. The data on the
crystal structures of uPA, uPAR and PAI-1 can be
used for development of drugs based on the structure
of the inhibitors of these proteins.
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CONCLUSIONS

The polyfunctional uPA system is essential for the
tumor progression; it plays the key role in invasion,
metastasis, and angiogenesis. Involvement of the uPA
system in these processes is due to its proteolytic and
regulatory functions. Proteolytic functions are medi-
ated by the proteolytic cascade, which is triggered by a
highly specific protease uPA and leads to formation of
a polyfunctional protease, plasmin, and then MMPs,
thus forming the proteolytic potential for destruction
of CTM and basement membranes, triggering regula-
tory functions through activation and release from
CTM a number of biologically active molecules
involved in the regulation of the main processes of car-
cinogenesis. The uPA system, regardless of its proteo-
lytic functions, contributes to tumor progression
through uPAR, PAI-1 and PAI-2, which are involved
not only in regulating the uPA/uPAR activity, but also
in proliferation, apoptosis, chemotaxis, adhesion,
migration, and activation of the pathways of the epi-
thelial-mesenchymal transition considered as one of
the main pathways of the metastatic process. All the
above processes are aimed at the regulation of inva-
sion, metastasis, and angiogenesis. Data on altered
expression of the uPA system components in malig-
nant tumors suggest their use as informative diagnos-
tic, prognostic and therapeutic targets. Using the uPA
system components as diagnostic markers, it is neces-
sary to take into consideration that at certain concen-
trations, PAI-1 can act both as an inhibitor and as an
activator of tumor progression.
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