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ABBREVIATIONS

α2M α
2
-macroglobulin

ALL acute lymphoid leukemia
AML acute myeloid leukemia
APL acute promyelocytic leukemia
ATF aminoterminal fragment (of uPA)
ATRA all-trans retinoic acid
BSA bovine serum albumin
CD cluster of differentiation
CLL chronic lymphocytic leukemia
CML chronic myeloid leukemia
CNS central nervous system
CRP C-reactive protein
D1 domain 1 of uPAR
D2D3 domains 2+3 of uPAR
DBSA Dulbecco's balanced salt solution containing BSA
DEX dexamethasone
DIC disseminated intravascular coagulation
ECM extracellular matrix
ELISA enzyme-linked immunosorbent assay
FAB French-American-British (classification)
FACS fluorescence-activated cell sorter
FBS fetal bovine serum
FITC fluorescein isothiocyanate
GAPDH glyceraldehyde-3-phosphate-dehydrogenase
GPI glycosyl-phosphatidylinositol
HMEC-1 human microvascular endothelial cells
HUVEC human umbilical vein endothelial cells
ICAM intercellular adhesion molecule
Ig immunoglobulin
IL interleukin
IFN interferon
ITP idiopathic thrombocytopenia
MDS myelodysplastic syndrome
MMP matrix metalloproteinase
PA plasminogen activator
PAGE polyacrylamide gel electrophoresis
PAI plasminogen activator inhibitor
plg plasminogen
PBS phosphate-buffered saline
PMA phorbol 12-myristate 13-acetate
PBMC peripheral blood mononuclear cell
RA retinoic acid
RAR retinoic acid receptor
SDS sodium dodecyl sulphate
SD standard deviation
SE standard error
SSC standard saline citrate
suPAR soluble uPAR
TGF transforming growth factor
TNF tumor necrosis factor
tPA tissue-type plasminogen activator
uPA urokinase-type plasminogen activator
uPAR uPA receptor
WBC white blood cell
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SUMMARY

Adhesion and invasion are important processes both for normal and malignant cells.

However, malignant cells usually differ from normal cells in their capability to produce large

amounts of proteolytic enzymes, which they use in cell invasion to degrade extracellular matrix

proteins. The plasminogen activation cascade is known to be one of the most important

extracellular proteolytic mechanisms in adherent tumors, whereas its role in leukemia have

remained unclear. It has been thought that the traditional pericellular proteolytic roles of

plasminogen activators are unimportant in leukemia, since these cells are growing in

"suspension" in the circulation, and they are not invading in the same manner as do adherent

tumor cells. It is very likely, however, that the plasminogen activation cascade may play an

important role in leukemia as well, because in some circumstances leukemia cells are also

invading extramedullary organs and even the central nervous system. In addition, novel non-

proteolytic roles for the plasminogen activation system have recently been discovered. We

therefore chose to evaluate the roles of the plasminogen activation (PA) system and especially

the role of the urokinase receptor (uPAR) in leukemia and to analyze the invasion mechanisms

of leukemia cells.

The first goal of the project was to characterize the significance of plasminogen activation in

acute promyelocytic leukemia (APL) in cell culture (I). We found that plasmin is formed on the

surface of APL cells, and retinoic acid (RA), which is used in the treatment of APL, stimulated

transiently plasmin generation. Interferons potentiated RA in its effects on plasminogen

activation, and dexamethasone, which relieves the side-effects of RA therapy, totally suppressed

the effect of RA on plasminogen activation. These results suggest that plasmin with a potent

protease activity can interfere with the normal fibrinolytic balance and be part of a cascade

leading to the excessive bleeding problems encountered with APL patients. Increase in uPAR

mRNA expression caused by RA fits in well with the results of those clinical studies in which

infiltration of maturing myeloid cells into various organs has occurred in some APL patients

with retinoic acid syndrome.

The extravasation of APL cells was characterized in a newly established three-dimensional

organotypic model for vessel wall in vitro (II). We found that RA induced rapid extravasation

of APL cells, and that ICAM-1 antibodies could totally inhibit this extravasation process. In

addition to APL extravasation, we also examined the extravasation of normal mononuclear cells

and blast cells ex vivo from leukemia patients and evaluated the roles of certain adhesion

molecules (ICAM-1, -2, -3, CD11a, and CD18) in these processes (II). Our results show that

extravasation of both normal mononuclear cells and leukemia cells could be inhibited with

ICAM-1 antibodies, whereas antibodies against the other adhesion molecules had no significant

effects. Purified soluble ICAM-1 (sICAM-1) had no effect on this extravasation. Furthermore,
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we determined the presence of soluble adhesion molecules (sICAM-1 and sICAM-2) in plasma

samples of acute leukemia patients at diagnosis and found that although the levels were

increased, they showed no correlation with the numbers of tumor cells in circulation or with the

chemosensitivity of blast cells.

Because our in vitro results in APL showed that the PA system and especially the levels of

uPA/uPAR varied during RA treatment (I), we decided to analyze the presence of these

components in vivo in leukemia patient samples (III, IV). We examined blood samples from

patients with newly diagnosed acute leukemia in order to define whether the components of the

PA system can be used as tools in leukemia diagnosis and prognosis. Our main findings were

that uPAR correlated with the type of leukemia, since only patients with acute myeloid leukemia

(AML) and with hybrid leukemia expressed uPAR on their blast cell surface. Blast cells from

acute lymphoid leukemia (ALL) patients were negative for uPAR (III). Further, soluble uPAR

(suPAR) was significantly elevated in the plasma of patients with acute leukemia, and in AML

patients, high levels of suPAR correlated with poor prognosis (III).

Thus far, no longitudinal studies have addressed the behavior of uPAR during treatment, and

the source of the excess suPAR in cancer patients remains undetermined. We therefore

continued our project in acute leukemia and measured uPAR in the plasma, urine, and tumor

cells of patients with acute leukemia during chemotherapy (IV). Our results showed for the first

time that the amount of plasma suPAR correlated both with tumor-cell count and with the

content of uPAR in cell lysates. We also found that plasma suPAR levels decreased rapidly

when tumor cells were removed from the circulation with chemotherapy, suggesting that

circulating tumor cells are the source of the suPAR in plasma and in urine samples.

Furthermore, we observed that increased amounts of uPAR fragments could be found in the

body fluids of acute leukemia patients. Since proteolytic cleavage of uPAR induces a potent

chemotactic response in vitro, it is possible that these fragments may play a role in the

pathophysiology of acute leukemia.

We studied next the release of suPAR from various cell types in culture conditions, to

understand the cellular origin of the plasma suPAR in healthy individuals (V). Our results

showed that suPAR can be found in the culture medium of blood mononuclear cells and

endothelial cells. Furthermore, we noticed that enhanced amounts of suPAR were released from

the cell surface when either blood mononuclear cells or thrombocytes were cultured in contact

with endothelial cells, whereas co-culture without cell-cell contact failed to enhance suPAR

release. We also observed that suPAR fragments were present in co-culture growth media.

These results suggest that normal plasma suPAR is produced by endothelial and blood

mononuclear cells and that its release is enhanced when cells are in physical contact with each

other, implying that receptor shedding is a possible regulatory mechanism in cell adhesion.
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INTRODUCTION

The plasminogen activation (PA) system comprises several activators, inhibitors, and

receptors, all of which have strictly controlled roles (see Fig. 1). Under physiological conditions,

activation of plasminogen to proteolytically active enzyme plasmin takes part in many processes,

such as in fibrinolysis, cell migration, wound healing, trophoblast invasion, angiogenesis, tissue

destruction, and activation of growth factors and of other proteolytic enzymes. Many of these

roles of the PA system in normal physiology are equally important in cancer. Cancer cells need

to adhere to basement membranes and subsequently detach from them to be able to move on in

the extracellular matrix (ECM). They need to degrade various proteins and maintain their own

growth by activating various growth factors and enzymes.

In leukemia, the production of normal hematopoietic cells is disrupted, and in the bone

marrow, undifferentiated leukemic cells overgrow normal differentiating blood cells. Gradually,

these malignant cells burst from the bone marrow into the circulation and in some cases into

other organs as well (e.g., skin, gums, and the central nervous system). Although the importance

of the PA system, and particularly the essential role of urokinase-type plasminogen activator

(uPA), is well established in solid tumors, the significance of pericellular proteolysis is less clear

in hematopoietic malignancies. Therefore, in this work, we have chosen to study the importance

of the PA system and of various adhesion molecules in leukemia.

Fig. 1. Overview of uPA-mediated plasminogen activation system. Plasminogen is a
proenzyme that needs to be activated to be able to degrade extracellular matrix proteins. In human beings,
there exist two main plasminogen activators: urokinase-type plasminogen activator (uPA) and tissue-type
plasminogen activator (tPA). In addition to the activators are also two inhibitors, PAI-1 and –2.
uPAR is a specific cell-surface receptor for uPA. Binding of uPA to uPAR localizes plasminogen
activation at the cell surface. In addition to its function in proteolytic cascades, uPAR is also associated
with several important adhesion proteins such as vitronectin and integrins and plays an important role in
cell migration and adhesion.
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REVIEW OF THE LITERATURE

NORMAL HEMATOPOIESIS AND ITS CONTROL

The life-span of normal blood cells is limited, and these cells are constantly produced in the

bone marrow. It has been estimated that approximately 0.5-1x1012 new blood cells are formed

every day in a healthy adult (Gale and Butturini, 1992). Furthermore, in response to various

stimuli (hypoxia, infection, bleeding) the production of certain blood cell types is multiplied. The

real hematopoietic stem cell has not been characterized, but recent reports suggest that blood

cells and endothelial cells may have a common progenitor cell, called the hemangioblast (Choi et

al., 1998). In clinical use, CD34-positive cells are regarded as hematopoietic stem cells, although

it is likely that only a small fraction of these cells are true hematopoietic stem cells. However,

these cells are able to differentiate into mature blood cells and to repopulate the bone marrow.

They are used as stem-cell support in connection with high-dose chemotherapy for various

cancers. Pluripotent stem cells give rise to myeloid and lymphoid precursor cells, which in turn

can differentiate into mature granulocytes, erythrocytes, monocytes, platelets, and T- and B-cells

(see Fig. 2). Several humoral factors have been characterized which are able to regulate the

growth and differentiation of hematopoietic precursor cells. Various interleukins, erythropoietin,

trombopoietin, granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage

colony-stimulating factor (M-CSF), and granulocyte colony-stimulating factor (G-CSF) can

induce the proliferation of hematopoietic cells (Groopman et al., 1989; Metcalf 1991; Ogawa

1993). In contrast, interferons, transforming growth factor-β (TGF-β), and macrophage

inflammatory protein-1 reduce the production of hematopoietic cells (Fortunel et al. 2000). In

addition, retinoic acid and interferons can induce differentiation of various leukemia cell types

(Warrel et al., 1991).

Neutrophil

Fig. 2. Hematopoiesis
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LEUKEMIA

Classification

In leukemia, the control of the growth of leukemic cells is disrupted, and gradually, these cells

overgrow normal differentiating blood cells. These immature cells subsequently burst into the

circulation and also into other organs. Leukemias can be roughly divided into acute and chronic

leukemias based on their degree of cell-maturation, and myeloid and lymphoid leukemias based

on the lineage of differentiation of these malignant cells. In chronic leukemias, malignant cells

usually resemble mature blood cells and/or their precursors, but in acute leukemias the

differentiation of blood cells ceases at much earlier, primitive stages.  In acute leukemias, the

French-American-British (FAB) classification is widely used (Bennett et al., 1976), although a

new classification system of hematological malignancies has also been described (Harris et al.,

1999). According to the FAB classification, acute myeloid leukemias (AML) are divided into

eight different subclasses (M0-M7), whereas in acute lymphoid leukemias (ALL) there are three

subclasses (L1-L3). However, in ALL, the FAB classification has very limited clinical value;

instead, the immunophenotypic classification is usually used. In adults, AML is the most

common (80%) acute leukemia. In contrast, in children, most acute leukemias are of lymphoid

origin. Yet, acute leukemia is, overall, quite a rare cancer compared to some solid tumors. In

Finland, the annual incidence of adult acute leukemia is about 150 new cases (3/105 inhabitants),

compared to about 3000 breast cancers (60/105 inhabitants) (Dickman et al., 1999).

The etiology of acute leukemia is largely unknown. No evidence exists of its inheritability,

although in some families it seems that the risk of developing leukemia is higher than in others

(Cartwright and Staines, 1992). Some chemicals (such as benzene and ethylene oxide),

irradiation, and cytotoxic agents are known risk factors (Cartwright and Staines, 1992), because

these can cause gene alterations and chromosomal instability that can block normal blood cell

differentiation. In various types of leukemias, several characteristic chromosomal abnormalities

occur, and some of these abnormalities can be used as markers for diagnosis, such as the 15;17

translocation in acute promyelocytic leukemia (Larson et al., 1984; Grignani et al., 1994).

Furthermore, some chromosomal abnormalities are prognostic markers, such as the Philadelphia

chromosome (t9;22) in ALL.

Patients with acute leukemia are usually treated with combination chemotherapy, which

consists of several cycles of high-dose cytotoxic agents. After the intensive induction and

consolidation phase, patients with ALL usually receive low-dose maintenance therapy. In

addition to chemotherapy, a common treatment is stem-cell transplantation. Treatment results

have considerably improved during the last two decades, and at present, approximately 30 to

40% of adult patients under the age of 65 years become long-term survivors. In childhood acute

leukemia the situation is even more optimistic: of every four children with acute leukemia, three
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are cured. Without treatment, median survival time of acute leukemia patients is only 2 to 3

months.

Clinical findings

Most of the signs and symptoms of acute leukemia relate to cytopenias caused by deficient

production of normal blood cells. The shortage of thrombocytes can cause petechias and

bleeding diathesis, and the shortage of normal leukocytes can predispose patients to infections.

Fatigue and fever are relatively common. In addition, some of the symptoms are caused by

leukemia cells able to infiltrate various organs, such as the skin and gums. Furthermore,

infiltration of blast cells into the central nervous system is a feared and often fatal complication.

In addition to these symptoms, the intensive treatment of acute leukemia causes numerous other

symptoms. On the other hand, patients with chronic leukemia are often asymptomatic for a long

time, with their abnormal blood leukocytosis found only by accident during routine laboratory

tests. At more advanced stages, problems caused by the large mass of abnormal cells, infections,

and also immunological problems may appear. But overall, the general condition of chronic

leukemia patients is often better than that of patients with acute leukemia.

Acute promyelocytic leukemia (APL)

Acute promyelocytic leukemia is a rare subtype of AML (FAB-type: M3), which accounts

for 10% of acute myeloid leukemias (Warrell et al., 1993). It is characterized by a reciprocal

15;17 chromosomal translocation (Larson et al., 1984; Grignani et al., 1994). The translocation

breakpoint on chromosome 17 resides within the gene encoding the retinoic acid receptor (RAR-

α). This fuses to the PML gene in chromosome 15 and results in production of a fusion protein

that blocks the normal myeloid differentiation (Grignani et al., 1993). APL patients more often

have coagulation and bleeding problems than do patients with other types of acute leukemia.

This hemorrhagic diathesis is thought to result either from disseminated intravascular

coagulation or from abnormal fibrinolysis (Tallman and Kwaan, 1992).

APL patients are treated with all-trans-retinoic acid (ATRA) in addition to normal

chemotherapy (Castaigne et al., 1990; Warrell et al., 1991; Fenaux, 1993; Tallman et al., 1997;

Warrell, 1997). ATRA induces differentiation of leukemic cells into mature granulocytes in vitro

and in vivo, and it also reduces APL patient’s bleeding tendency (Dombret et al., 1993). It is

often a better-tolerated treatment than normal chemotherapy, but about one-third of the patients

encounter severe side-effects from RA treatment, called the retinoid acid syndrome (RA

syndrome) (Frankel et al., 1992). The patients with RA syndrome experience fever, bleeding

problems, and leukocytosis. Dexamethasone treatment and discontinuation of ATRA

administration usually relieve these side-effects, but the mortality is higher among these patients
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than among patients without the syndrome (De Botton et al., 1998). APL patients, overall, show

better survival than do other AML patients (Grignani et al., 1994).

PLASMINOGEN ACTIVATION SYSTEM IN GENERAL

PLASMINOGEN AND PLASMIN

Plasminogen is a proenzyme that can be converted to active plasmin, capable of cleaving

many extracellular proteins (Pöllänen et al., 1991; Collen, 1999). The gene for human

plasminogen is located in the long arm of chromosome 6 (Lijnen and Collen, 1995). The 92 kDa

native form of plasminogen, produced mainly by liver cells, is abundantly present in most

extracellular fluids and in plasma at a 2.0 µM concentration (Lijnen and Collen, 1995). In its A-

chain, plasminogen has 5 homologous kringle domains (Ponting et al., 1992), which have high

affinity for lysine, and they mediate the binding of plasminogen to fibrin and to the cell surface.

Plasminogen-type kringles are also present in other proteins, such as in hepatocyte growth factor

(HGF) and in prothrombin, as well as in tPA and uPA (Ponting et al., 1992). In addition to

kringle domains, plasminogen has a highly active serine protease domain in its B-chain in the C-

terminal end (Ponting et al., 1992). The cleavage of the peptide bond between Arg-560 and Val-

561 converts the one-chain proenzyme plasminogen to the two-chain structure of plasmin. The

plasminogen activators, tPA and uPA, mediate this specific cleavage process (Danø et al., 1985;

Pöllänen et al., 1991) (see Fig.1 and Table 1).

Plasmin is a trypsin-like serine protease with wide substrate specificity. In addition to fibrin

degradation, plasmin can cleave several ECM proteins, such as fibronectin, thrombospondin, and

laminin. Plasmin can also indirectly participate in ECM degradation by activating other proteases

(latent procollagenases and other metalloproteinases) (Werb et al., 1977; Pöllänen et al., 1991).

Knockout studies have revealed that plasminogen is not essential in the embryonic development

of mice, since plg-/- mice are born with a normal appearance and survive to adulthood, although

they develop spontaneous fibrin lesions due to impaired thrombolysis (Ploplis et al., 1995;

Rømer et al., 1996). In addition to fibrin formation, plg-/- mice show high mortality,

spontaneous gastrointestinal lesions, and impaired wound healing. Interestingly, studies with plg

and fibrinogen double-knockout mice showed that pathology associated with plasminogen

deficiency was eliminated with the simultaneous fibrinogen deficiency (Bugge et al., 1996),

suggesting that the most important role of plasminogen is fibrinolysis.

The reason for the unexpected normal embryonic development of plg-/- mice may be that

there is a functional overlap between plasmin and other extracellular proteinases, which may

compensate for the loss of plasmin-mediated proteolysis. This view is strengthened by recent
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studies that show that simultaneous inhibition of matrix metalloproteases in plg-/- mice

completely arrests wound healing (Lund et al., 1999). In contrast, those normal plg-/- mice

without any inhibition of MMPs show delayed wound healing, but eventually wound closure is

achieved.

PLASMINOGEN ACTIVATORS

Urokinase-type plasminogen activator (uPA)

In addition to tissue-type plasminogen activator, uPA is the main activator of plasminogen in

humans. In bacteria, there are also other plasminogen activators such as streptokinase and

staphylokinase (Rijken, 1995). The name urokinase points to urine, from whence uPA was first

purified. In addition to urine, uPA is also present in plasma (Wun et al., 1982b), but in a

relatively low concentration of 40 pM with a half-life of 5 min (Collen and Lijnen, 1991). The

gene for human uPA is located in the long arm of chromosome 10 (Rajput et al., 1985; Tripputi

et al., 1985) (see Table 1).

The 54 kDa protein is produced as a single-chain proenzyme (pro-uPA) (Wun et al., 1982a)

and is converted to the two-chain active form by plasmin, which in turn results in activation of

plasminogen to plasmin (Pöllänen et al., 1991). This conversion of inactive proenzyme to the

fully active enzyme is an important regulatory step in the uPA-mediated plasminogen activation

cascade. A large variety of cells can produce uPA in our body: blood leukocytes and also

endothelial cells, smooth muscle cells, epithelial cells, fibroblasts (Pöllänen et al., 1991; Camoin

et al., 1998; Collen, 1999). In contrast to these adherent cells, all of which produce proenzyme

the form of uPA, leukemia cells have an exceptional ability to produce active uPA (see page 33)

(Stephens et al., 1988; Tapiovaara et al., 1991; Stephens et al., 1992; Tapiovaara et al., 1996).

uPA comprises several domains (Danø et al., 1985). The growth factor domain is responsible

for the binding of uPA to its cellular receptor uPAR and has a homology to epidermal growth

factor. The kringle domain, with a homology to plasminogen, promotes binding to other

proteins, such as laminin (Stephens et al., 1992). The active site of uPA is located in the C-

terminal end in the catalytic domain, which has a homology to other serine proteinases. In

addition to plasmin, some other serine proteinases (such as trypsin and kallikrein) and cathepsin

B can also activate pro-uPA (Kobayashi et al., 1991; List et al., 2000).

uPA has a specific receptor on cell surfaces, uPAR (CD87) (Behrendt and Stephens, 1998).

It binds with high affinity both single- and two-chain forms of uPA as well as uPA in complexes

with inhibitors. Binding of uPA to its receptor enhances and localizes plasminogen activation on

the cell surface. While tPA is thought to be the main plasminogen activator in fibrinolysis, uPA

is thought to be the main activator of plasminogen in cell migration and cell invasion (Pöllänen et

al., 1991). Many studies in various cancers have shown that uPA is expressed in increased
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amounts by the tumor cells and especially at the leading front of migrating cells (Danø et al.,

1994) (See Fig. 1).

Since homozygous deficiencies of uPA or tPA have not been observed in humans, it had

been expected that inactivation of these genes in mice would lead to death during embryonic life.

However, just like plg-knockout mice, uPA knockouts appear normal at birth, suggesting that

uPA is not required for normal embryonic development (Carmeliet et al., 1994). Some of these

mice suffer from rectal prolapse and develop spontaneous ulceration and fibrin deposits more

often than do wild-type mice, but still had a normal life-span. Studies with tumors showed that

melanocytic neoplasms do not progress to malignant melanomas in uPA-deficient mice,

suggesting that uPA may be important in tumor progression (Shapiro et al., 1996). However, the

effects of uPA deficiency in these knockout mice were overall surprisingly small in the areas to

which uPA activity has traditionally been related. But knockout studies revealed some new

functions for uPA: uPA-/- mice failed to recruit inflammatory cells in response to inoculation

with pathogenic bacteria and developed uncontrollable lethal infection (Gyetko et al., 1996; Beck

et al., 1999). This suggests that uPA might play a role in inflammation and chemotaxis, as well.

Later, it has also been shown that in uPA knockout mice, T-cell activation and proliferation in

response to T-cell receptor-mediated signaling is impaired (Gyetko et al., 1999). This may

explain their impaired inflammatory response.

Tissue-type plasminogen activator (tPA)

tPA is thought to be the main activator of plasminogen in fibrinolysis (Danø et al., 1985). It

has 40% homology with uPA, and it is coded by a different gene located in the long arm of

chromosome 8, yielding a protein of 68 kDa (Rajput et al., 1985) (see Table 1). The growth

factor domain, kringle domain, and catalytic domain of tPA are similar to those of uPA, but in

addition, tPA also has a second kringle domain and an amino-terminal finger domain. This

difference in domain structure also has functional consequences, since the second kringle

domain, and partially the finger domain of tPA, are essential for its affinity to fibrin. When

bound to fibrin, the tPA catalytic activity is markedly enhanced, and it activates plasminogen

efficiently, resulting in dissolution of fibrin clots. This specific ability of tPA to locally activate

plasminogen on the surface of fibrin has led to its successful use as one thrombolytic therapy in

myocardial infarction and in ischemic stroke (National Institute of Neurological Disorders and

Stroke rt-PA Stroke Study Group, 1995).

In the circulation, tPA is found at a concentration of 70 pM with a half-life of 4 min (Lijnen

and Collen, 1995). It is also produced as a single-chain proenzyme, but differing from uPA, both

the single-chain and two-chain forms are active. Endothelial cells, keratinocytes, and some

leukocytes express and release tPA, but no specific high-affinity cell-surface receptor for tPA

has been characterized (Redlitz and Plow, 1995). Although uPA is related more closely to the
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pericellular proteolysis in malignancy, tPA has been shown to be the main plasminogen activator

produced by melanoma and neuroblastoma cells (Neuman et al., 1989; Bizik et al., 1993).

In addition to the function of tPA in fibrinolysis, new, possibly non-proteolytic roles for tPA

have been found in neural cell development and remodeling (Carroll et al., 1994). Neurons and

microglial cells have been shown to synthesize tPA in most areas of the developing murine brain,

and tPA is induced during cerebellar motor learning (Seeds et al., 1996). Furthermore, enhanced

tPA activity has been related to multiple sclerosis (MS) (Akenami et al., 1996; Akenami et al.,

1997), and it has been suggested that in MS, tPA can participate in neuronal demyelination

(Akenami et al., 2000). The first knockout studies revealed rather little of the function of tPA,

since these mice were normal at birth, had no macroscopic or histological abnormalities up to the

age of 14 months, and had a normal life span (Carmeliet et al., 1994). Only the lysis of

pulmonary plasma clots was significantly reduced. It is, however, possible that studies of

neuronal function in tPA knockouts reveal additional and more drastic changes, since it has

already been shown that tPA-/- mice are resistant to kainate-induced neurotoxicity (Tsirka et al.,

1995) and that neuronal migration in tPA knockouts is retarded (Seeds et al., 1999).

Table 1. Components of the plasminogen activation system

Component Chromosomal
location

Mol. weight
kDa

Amino acids Plasma conc.

Plasminogen 6q26-27 92 791 200 mg/L

uPA 10q24 54 411 0.002 mg/L

tPA      8q12 68 530 0.005 mg/L

uPAR 19q13 55 283 0.001 mg/L

PAI-1 7q21-22 52 379 0.050 mg/L

PAI-2 18q21 46/60-70 393 <0.005 mg/L

See related reviews (Lijnen and Collen, 1995; Rijken, 1995; Collen, 1999).

INHIBITORS OF PLASMINOGEN ACTIVATORS AND OF PLASMIN

Plasminogen activator inhibitors 1 and 2 (PAI-1 and -2) are the main inhibitors of uPA and

tPA (Andreasen et al., 1990), although protease nexin 1 and PAI-3 are also known to affect

plasminogen activators to some extent. PAI-1 and -2 are also quite specific for uPA and tPA and

react only very slowly with other serine proteases.



Review of the Literature 19
                                                                                                                                                                  

Plasminogen activator inhibitor 1 (PAI-1)

The production of PAI-1 was originally described in endothelial cells, and therefore was

initially designated as endothelial cell type PA-inhibitor (Hekman and Loskutoff, 1985;

Sprengers and Kluft, 1987). However, many other cell types produce PAI-1 as well (e.g.,

fibroblasts, smooth-muscle cells, and many tumor cells) (Sprengers and Kluft, 1987; Andreasen

et al., 1990). PAI-1 is a single-chain 52 kDa glycoprotein and is present in plasma at a 200 pM

concentration, although the concentrations vary greatly in different individuals and depending on

time of day. Part of the plasma PAI-1 is thought to be released by platelets. The gene for PAI-1

is located in the long arm of chromosome 7 (Rijken, 1995) (see Fig.1 and Table 1).

PAI-1 reacts both with single- and two-chain forms of tPA (Andreasen et al., 1990). This

leads to the formation of irreversible enzyme complexes with no proteolytic activity. It has been

thought that PAI-1 reacts only with the two-chain form of uPA, but some evidence also exists

that PAI-1 may form reversible complexes with the single-chain type of uPA as well

(Manchanda and Schwartz, 1995). It can also bind receptor-bound uPA, but fibrin-bound tPA

has been shown to react much more slowly with PAI-1 than does free tPA (Rijken, 1995). The

main function of PAI-1 in circulation has been thought to be the regulation of tPA activity, and

by this function, it proves an important regulator of fibrinolysis. The results obtained from

various thrombotic disorders strengthen this view: patients with coronary heart disease and

myocardial infarction show elevated plasma PAI-1 levels (Juhan-Vague and Alessi, 1993).

PAI-1-/- knockout mice are viable as are the other PA-system knockout mice (Carmeliet et

al., 1993). They resemble tPA-knockout mice in the sense that no macroscopic or histological

abnormalities are observable in their organs. However, there are some studies showing that PAI-

1 deficiency in humans leads to excessive bleeding disorders (Diéval et al., 1991). Recent results

on tumorigenesis in PAI-1 knockout mice have shown that PAI-1 deficiency prevents cancer cell

invasion and tumor angiogenesis (Bajou et al., 1998). This fits in well with the clinical

observation showing that high PAI-1 level is a poor prognostic marker of various cancers.

In the blood, most of the circulating PAI-1 is bound to vitronectin. In addition, vitronectin in

the ECM has been shown to co-localize with PAI-1. The somatomedin B domain in vitronectin

is responsible for PAI-1 binding (Deng et al., 1996); uPAR binds to this same domain of

vitronectin and competes with PAI-1 binding. It has been suggested that PAI-1 plays a central

regulatory role in uPAR/vitronectin-mediated cell adhesion, since an excess of PAI-1 will

compete with and replace uPAR from its association with vitronectin, and in turn, an excess of

uPA will neutralize PAI-1 and again promote cell adhesion (Loskutoff et al., 1999).

PAI-1 binding to vitronectin prevents integrin binding to vitronectin as well. Active PAI-1 can

block vitronectin binding to vitronectin receptor αvβ3 and in this manner, inhibit cell migration

(Stefansson and Lawrence, 1996). However, when uPA binds to PAI-1, it abolishes the ability of

PAI-1 to bind to vitronectin and restores cell migration by allowing vitronectin again to bind
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integrins (Loskutoff et al., 1999). This suggests that the function of uPA at the leading edge of

migratory tumor cells is not only to enhance plasminogen activation and pericellular proteolysis,

but also to reinforce cell migration by blocking PAI-1 binding to vitronectin. However, because

the synthesis of PAI-1 is rapidly stimulated by a variety of growth factors and cytokines, it is

likely that PAI-1 binding and release from vitronectin, or from the extracellular matrix in general,

occurs in a stepwise manner, and therefore, the pro- and contra-adhesive signals are following

each other in a continuous cascade. Taken together, through this vitronectin-binding ability, PAI-

1 is an important regulator of cell adhesion and migration.

Plasminogen activator inhibitor 2 (PAI-2)

PAI-2, earlier called placental-type plasminogen activator inhibitor, as it was originally

purified from human placenta, is a 46 kDa protein expressed by monocytes, keratinocytes, and

placental syncytiotrophoblasts (Sprengers and Kluft, 1987; Andreasen et al., 1990). It also has

another higher molecular weight protein form (60-70 kDa), which is found extracellularly and

has a higher degree of glycosylation. The normal PAI-2 plasma levels are very low (<70 pM) or

even undetectable, but during pregnancy the levels increase (Rijken, 1995). The PAI-2 gene has

been mapped to chromosome 18 (Rijken, 1995) (see Table 1).

PAI-2 mainly inhibits uPA (Baker et al., 1990), as it has been shown to react considerably

more slowly with tPA than with uPA. In vivo functions of PAI-2 are less well known than those

of PAI-1. Bacterial endotoxins induce PAI-2 expression in monocytes, suggesting that PAI-2

may be involved in inflammatory processes (Belin, 1993). Furthermore, PAI-2 locally inhibits

cancer cell degradation of basement membranes (Baker et al., 1990). However, PAI-2 knockout

mice have not been described in the literature, maybe because no major important roles for PAI-

2 have thus far, been found.

α 2-antiplasmin

α 2-antiplasmin is the main inhibitor of plasmin in the plasma. The plasma concentration of

α 2-antiplasmin is high (1 µM) (Lijnen and Collen, 1995), and it is able to react rapidly with

plasmin. It has been calculated that the half-life of free plasmin in the blood is only 0.1 sec

(Collen, 1999). The gene for α 2-antiplasmin has been located in the short arm of chromosome

18, and the protein produced has a molecular weight of 70 kDa (Lijnen and Collen, 1995).

In vivo, α 2-antiplasmin deficiency has been related to serious bleeding complications (Collen,

1999). Homozygous deficiency has been shown to be associated with severe hemorrhagic

diathesis, whereas only mild bleeding problems are seen with the heterozygotic phenotype. In

addition, enhanced fibrinolysis in disseminated intravascular coagulation in APL patients is

possibly caused by acquired α 2-antiplasmin deficiency (see page 34) (Dombret et al., 1993;

1995).
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α2-macroglobulin

In addition to α 2-antiplasmin, α 2-macroglobulin (α 2M) is also an important inhibitor of

plasmin in plasma (Borth, 1992). However, it is rather unspecific for plasmin, as it is able to

inhibit almost any type of proteinases. α 2M is a high molecular-weight (725 kDa) glycoprotein,

and its plasma concentration is 3 µM. The gene for α 2M is located in the short arm of

chromosome 12 (Collen and Lijnen, 1991).

α 2M is produced by a large variety of cells: fibroblasts, monocyte-macrophages, hepatocytes,

astrocytes (Borth, 1992). Some tumor cells, e.g., melanoma and sarcoma cell lines, have also

been observed to secrete this protein (Bizik et al., 1986). α 2M is not only a broad-spectrum

protease inhibitor. It functions also as a carrier protein for several growth factors, such as

transforming growth factor β (TGF-β) and platelet-derived growth factor (PDGF) (Borth,

1992).

Cellular receptor for α 2M (α 2MR) is identical with a low-density lipoprotein receptor-related

protein (LRP). This receptor is a multi-functional protein also capable of binding and

internalizing uPA-uPAR-PAI-1 complexes. In addition, it has been defined as a monocyte

differentiation marker, because it appears at an early stage of monocyte differentiation and is not

expressed by other types of blood cells (Borth, 1992).

UROKINASE-TYPE PLASMINOGEN ACTIVATOR RECEPTOR (uPAR)

Structure and general function of uPAR

A high affinity and specificity cell-surface receptor for uPA, uPAR, was first discovered in

monocytes (Vassalli et al., 1985) and in monocytoid U937 cells (Stoppelli et al., 1985; Vassalli

et al., 1985), and since then it has been characterized in a variety of cell types such as

granulocytes, endothelial cells, keratinocytes, fibroblasts, and smooth-muscle cells (Blasi et al.,

1994; Danø et al., 1994; Behrendt and Stephens, 1998). uPAR binds to the cell surface via a

glycosyl-phosphatidylinositol (GPI) anchor (Ploug et al., 1991) (Fig. 3) and thus has no

intracellular portion. The heavily glycosylated protein consists of three homologous domains

(D1-D3), which have different binding properties for various ligands. The amino-terminal

domain D1 is responsible for the binding of uPA (Behrendt et al., 1990; Behrendt et al., 1991),

and the other two, D2 + carboxyterminal domain D3, are important in vitronectin binding (Wei

et al., 1994). However, the full-size receptor is required for high-affinity interactions with both of

these ligands (Ploug et al., 1994; Wei et al., 1994; Behrendt et al., 1996; Riittinen et al., 1996;

Høyer-Hansen et al., 1997a; Sidenius and Blasi, 2000). The uPAR gene, encoding a 55 kDa

protein, is located in the long arm of chromosome 19 (Collen and Lijnen, 1991) (see Figs. 1, 3

and Table 1).
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uPAR binds both single- and two-chain forms of uPA, as well as uPA complexed with PAI-

1. uPA/PAI-1 complexes will be internalized rapidly (Olson et al., 1992) when bound to the

receptor, but free uPA remains attached to the cell surface. This internalization facilitates

recycling of the receptor, since the receptor is internalized together with the activator-inhibitor

complex, and subsequently, free receptor is recycled to the cell surface (Nykjaer et al., 1997).

α 2MR/LRP is involved in this endocytosis process.

At first, uPAR was thought to occur only in its full-size form on the cell surface, but later,

also a cleaved form (D2D3) lacking the amino-terminal uPA-binding domain D1 was discovered

in vitro in U937 cells (Høyer-Hansen et al., 1992) and also in vivo in transplanted murine

tumors (Solberg et al., 1994). Several enzymes (uPA, plasmin, and chymotrypsin) can cleave the

receptor at the linker region between domains 1 and 2 (Behrendt et al., 1991; Høyer-Hansen et

al., 1992; Høyer-Hansen et al., 1997b). The receptor cleavage by uPA occurs quite slowly in

solution, whereas on the cell surface the cleavage is highly accelerated (Høyer-Hansen et al.,

1997b). All of this suggests that the receptor cleavage is a negative feedback mechanism for

plasminogen activation on the cell surface. Both phosphatidylinositol-specific phospholipase C

and D are able to catalyze the cleavage of the whole receptor from the cell surface in vitro (Ploug

et al., 1991; Wilhelm et al., 1999), but the physiological enzyme functioning in vivo remains

unknown (see Figs. 3 and 4).

The primary function of uPAR originally appeared to be the localization of uPA and the

whole PA system onto specific areas on the cell surface. Through this function, uPAR

participates in localized proteolysis in wound healing, ovulation, angiogenesis, and cancer

invasion (Danø et al., 1994). Unexpectedly, the first knockout studies found no abnormalities in

uPAR-deficient mice: the mice were viable, healthy, and fertile (Dewerchin et al., 1996). Later on,

new, non-proteolytic functions for uPAR have been discovered, meaning that the function of

uPAR is no longer limited solely to the localization of plasminogen activation on the cell surface

(Danø et al., 1994; Blasi, 1997; Chapman, 1997; Blasi, 1999a; Blasi, 1999b; Preissner et al.,

2000; Waltz et al., 2000); it has other functions as well (see functions of uPAR below).

Soluble uPAR (suPAR)

The soluble form of the uPA receptor (suPAR) was first discovered in plasma from patients

with paroxysmal nocturnal hemoglobinuria (Ploug et al., 1992) and from ascitic fluid of ovarian

cancer patients (Pedersen et al., 1993). No uPA-ligand was bound to it, and it was also devoid of

the GPI anchor. Later, suPAR was also found in plasma from healthy individuals (Rønne et al.,

1995; Stephens et al., 1997), and the levels were quite stable at a median concentration of 1.2

ng/ml (range 0.8-1.7 ng/ml), with no correlation between age and suPAR (Stephens et al., 1997).

In addition to plasma/serum, suPAR also exists in cystic fluid of carcinoma patients (Wahlberg

et al., 1998) and more recently in their and in control urine samples (Sier et al., 1999). Such
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urine samples have been shown to contain uPAR fragments D2D3 and D1 in addition to the

full-length receptor (Sier et al., 1999; Sidenius et al., 2000), whereas only the full-length form of

uPAR is present in plasma samples (Sidenius et al., 2000). However, the physiological

mechanisms involved in the shedding of fragments or the entire receptor from the cell surface

have remained unknown (see Fig. 3).

In several different types of malignancies, elevated levels of serum/plasma suPAR have been

detected. For example, patients with non-small-cell lung cancer (Pappot et al., 1997), and cancer

of the breast (Stephens et al., 1997), colon (Stephens et al., 1999), ovary (Sier et al., 1998), and

prostate (Miyake et al., 1999), and with head and neck squamous cell carcinoma (Schmidt and

Hoppe, 1999) have significantly increased plasma suPAR levels. Furthermore, it has recently

been shown that suPAR levels correlate with survival prognosis, with those ovarian and colon

cancer patients showing high suPAR levels having a worse survival prognosis (Sier et al., 1998;

Stephens et al., 1999). The origin of suPAR in cancer patients' plasma has been unknown

(Brünner et al., 1999), and only recently was it demonstrated that mice carrying transplanted

human xenograft tumors have human suPAR in their plasma (Holst-Hansen et al., 1999),

suggesting that suPAR may be derived from tumor cells. The functions and importance of the

soluble receptors in vivo in body fluids are also largely unknown, although in vitro experiments

have shown that suPAR fragments may be involved in chemotaxis (Resnati et al., 1996; Fazioli

et al., 1997) (see below).

uPAR and signal transduction

There have been mechanical problems in understanding how uPAR can activate intracellular

signal transduction pathways, because it has no transmembrane or intracellular domain. One

possibility is that the activation of uPA, when bound to the receptor, induces the activation of

latent growth factors (like TGF-β and pro-HGF), which in turn can activate signal transduction

pathways (Besser et al., 1996; Koshelnick et al., 1999). However, in chemotaxis, current results
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suggest that no proteolytic activity of uPA is needed to induce the activation of p56/p59hck

kinases (Resnati et al., 1996). Furthermore, synthetic uPAR peptides, which carry a specific

epitope (see uPAR in chemotaxis, below), are able to induce chemotaxis in THP-1 cells and

activate the same tyrosine kinases (Fazioli et al., 1997). In addition, uPAR appears to be

physically associated with a number of other intracellular proteins, which participate in signal

transduction pathways (such as G-proteins, STAT proteins, and protein kinase C) (Koshelnick

et al., 1997; Dumler et al., 1998; Ossowski and Aguirre-Ghiso, 2000; Preissner et al., 2000). It

has therefore been suggested that a special transmembrane adaptor molecule exists, which can

mediate the signals between extracellular uPAR and intracellular kinase pathways (Resnati et al.,

1996; Blasi, 1999b). However, such an adaptor molecule has not been identified as yet, and it is

also possible that several of them exist, since not all signals induced by uPA-uPAR interaction

are uniform. The transmembrane glycoprotein 130 and β1-integrins are possible adaptor-

molecule candidates, because both these molecules are able to form complexes with uPAR and

activate intracellular signaling pathways (Aguirre-Ghiso et al., 1999; Koshelnick et al., 1999;

Yebra et al., 1999). In any case, the conformational change in uPAR appears to be the

prerequisite for inducing a signaling pathway (Ossowski and Aguirre-Ghiso, 2000).

Association of uPAR with vitronectin and integrins: functions in cell adhesion and

migration

The first reports of uPAR association with vitronectin and integrins came only a few years

after the discovery of uPAR. Bohuslav et al. (1995) showed that in human monocytes, uPAR is

one part of a receptor complex also including β2-integrins LFA-1 and Mac-1 and several protein

tyrosine kinases. This fact suggested functional cooperation between these molecules. Later, Xue

et al. (1997) observed that uPAR associates with β1 and β3 integrins also in cells of non-

hematopoietic origin, namely in fibrosarcoma cells. Furthermore, uPAR was able to form stable

complexes with integrins, which promoted cell-adhesion to vitronectin (Wei et al., 1996).

Recently, it was observed that uPAR interacts directly with integrins. The interaction site of

uPAR in Mac-1 was found to be in the CD11b subunit, and one peptide from this area disrupted

the association of uPAR with specific β1 and β2 integrins, and thus broadly impaired integrin

function (Simon et al., 2000).

uPAR interaction with integrins is also important in leukocyte migration. First, Bianchi et al.

(1996) showed that the stimulus likely to be associated with interaction between T-cells and

endothelial cells or ECM (co-clustering of the antigen receptor complex and β1 or β2 integrins)

induced the expression of uPAR in T-lymphocytes. Secondly, in uPAR-deficient mice, the β2-

integrin-dependent recruitment of leukocytes to the inflamed area is markedly reduced, and also

the removal of uPAR from the leukocyte surface blocks the β2-integrin-mediated leukocyte

adhesion to endothelium in vitro (May et al., 1998; Preissner et al., 2000).
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The uPAR/vitronectin/PAI-1 interaction is a complex procedure that regulates cell adhesion

(Blasi, 1997). It has been demonstrated that vitronectin binding to uPAR induces specific uPAR-

dependent cell adhesion (Carriero et al., 1999). But as PAI-1 and uPAR have a common binding

site in vitronectin in the somatomedin B domain, they compete with each other (Deng et al.,

1996). An excess of PAI-1 will replace uPAR from vitronectin and detach cells from vitronectin

and inhibit cell migration, whereas an excess of uPA will neutralize PAI-1 and release adhesion-

promoting vitronectin, and therefore give the "go" signal for uPAR-vitronectin-dependent cell

migration (Deng et al., 1996). These findings can explain the clinical observations that high

tumor PAI-1 level is a poor prognostic marker (Schmitt et al., 1997), because PAI-1-mediated

release of cells from vitronectin can promote dissemination of these cells to distant sites, i.e.,

promote metastasis formation.

In addition to these non-proteolytic mechanisms such as uPAR binding to various integrins

as well as to vitronectin cell migration can also be promoted by uPAR-mediated proteolysis.

Especially in tumor cells, uPAR is localized at the leading edge of migrating cells. Therefore, by

binding uPA, uPAR locally enhances plasminogen activation and the formation of plasmin,

which in turn, can degrade ECM components. However, as other ligands (vitronectin, integrins,

PAI-1) are also present at the same sites, it is likely that the proteolytic and non-proteolytic cell

migration-promoting mechanisms of uPAR function in a tightly coordinated manner in vivo.

uPAR in chemotaxis

Gyetko et al. (1994) have found that monocyte chemotaxis in vitro is dependent on uPAR.

First, when monocytes were exposed to a chemotactic gradient, uPAR localized strongly to the

leading front of migrating cells. Secondly, monoclonal antibodies against uPAR inhibited the

monocyte chemotaxis induced by FMLP in Boyden chambers. Moreover, they noticed that the

function of uPAR was basically independent of active uPA, as inactivation of the catalytic activity

of uPA had no marked effect on monocyte chemotaxis (Gyetko et al., 1994). Recently the same

authors reported that in response to Pseudomonas aeruginosa infection, neutrophil recruitment

is reduced in uPAR knockout mice, but in uPA knockouts no difference occurred in recruitment

(Gyetko et al., 2000). In addition, their results suggested that recruitment of neutrophils requires

both β2-integrins and uPAR. Earlier they reported that uPA-deficient mice have an impaired

inflammatory response to pulmonary Cryptococcus neoformans infection (Gyetko et al., 1996).

However, uPAR was still functionally involved, as only the recruitment and migration of uPAR-

expressing leukocytes was affected in uPA -/- mice and not the recruitment of B-cells (those not

expressing uPAR) (Gyetko et al., 1996). These results suggested that uPA may play a role

through uPAR in chemotaxis. At the same time, Resnati et al. (1996) found that physiological

concentrations of uPA as well as of the aminoterminal fragment of uPA (ATF), which is capable

of binding to the receptor but has no proteolytic activity, induced chemotaxis in monocytoid
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THP-1 cells. However, the monoclonal antibody that blocks the binding of ATF to uPAR

inhibited the chemotactic activity of ATF. In addition, purified suPAR is capable of inducing

chemotaxis in the same cells, but the activity of suPAR in chemotaxis requires the cleavage of

the purified protein by chymotrypsin, at the same site where uPA can cleave uPAR. This

observation gave further support to the view that the interaction of uPA/uPAR is important in

chemotaxis, a view strengthened by the following experiments: Fazioli et al. (1997) tested the

chemotactic effect of several uPAR variants expressing different fragments of uPAR and found

that the chemotactic activity lies in the protease-sensitive region between domains 1 and 2, i.e., in

the same region efficiently cleaved by physiological concentrations of uPA. Furthermore, only

those synthetic peptides containing the sequence 88-92 of the uPAR linker region had

chemotactic activity, whereas peptides containing other parts of uPAR had no chemotactic

activity (see Fig. 4). In addition, in smooth-muscle cells, the cleaved form of suPAR and a

peptide covering the area between domains 1 and 2 induced chemotaxis and cytoskeleton

reorganization, which was accompanied by relocalization of uPAR, vitronectin receptor, and src

tyrosine kinase to the leading edge of migrating cells (Degryse et al., 1999). It therefore seems

that uPA cleavage is required for the conformational change in uPAR that uncovers its potent

chemotactic epitope. Although these are results only from in vitro experiments, it is tempting to

think that the uPAR fragments now found in cancer patients' urine and ascitic fluid samples may

have biological functions in vivo (Wahlberg et al., 1998; Sier et al., 1999). However, the detailed

amino-acid sequence of these in vivo fragments needs to be determined first, and the chemotactic

activity of the purified fragments obtained from ex vivo patient samples needs to be tested.

Fig. 4. Linker region of urokinase receptor. This diagram presents a protease-
sensitive region of uPAR between domains 1 and 2. Chemotactic activity of uPAR has
been reported to be located between aminoacids 88 and 92 (Fazioli et al., 1996)
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REGULATION OF PLASMINOGEN ACTIVATION CASCADE

The plasminogen activation system is regulated at many different levels. As described above,

several inhibitors (e.g., PAI-1 and -2) regulate the activity of plasminogen activators and in that

manner the whole activity of the PA cascade. This activity is also regulated by controlled

secretion of various components of the cascade, by conversion of proenzymes to active enzymes,

and by degradation or recycling of the components (e.g., recycling of the urokinase receptor). In

addition to this regulation at the protein level, the regulation naturally occurs also at the

transcriptional and translational level.

                                                                                                                                                                         

Regulation by hormones

In various cell types (both adherent and hematopoietic cells), glucocorticoids have been

reported to suppress uPA synthesis (Danø et al, 1985). The enhancer area in the uPA gene is

negatively regulated by dexamethasone. However, the mechanism is probably indirect, because

the glucocorticoid receptor fails to bind directly to the enhancer region (Besser et al., 1996). In

addition to their suppressive effects on uPA synthesis, glucocorticoids also seem to suppress

uPA activity. This is, in part, mediated by inhibitors, because dexamethasone, for example, can

increase PAI-1 expression in various cell types. The effect of glucocorticoids on tPA activity

depends on cell type. In some cell types, they seem to have no effect on tPA (e.g., in melanoma

cell lines), but in primary cultures of acute myeloid leukemia cells, glucocorticoids can either

stimulate or suppress tPA, depending on the patient from whom the cells came (Wilson et al,

1983a).

In addition to glucocorticoids, many other steroid hormones can also affect plasminogen

activator synthesis and activity: for instance, estrogen can increase uPA activity in rat uterus and

in human breast carcinoma cells, and androgens can induce plasminogen activator activity in

breast carcinoma cells. Other hormones as well, such as calcitonin, luteinizing hormone (LH),

and follicle-stimulating hormone (FSH), are able to either down- or up-regulate the plasminogen

activation cascade depending on cell type (Danø et al, 1985).

Regulation by cytokines

Inflammatory cells and endothelial cells produce various cytokines, such as interleukins (ILs),

tumor necrosis factor-α  (TNF-α ), and interferons. In addition, these same cells (monocyte-

macrophages, activated lymphocytes, and endothelial cells) are able to produce uPA.

Furthermore, in vitro studies have demonstrated that all these cytokines are able to increase uPA

activity (Hovi et al., 1981; van Hinsbergh et al., 1990; Gyetko et al., 1993). In monocytes, too,

the granulocyte-macrophage colony-stimulating factor (GM-CSF) has been shown to increase

uPA activity (Hart et al. 1991). In addition to uPA, IL-1 and TNF-α  can also induce the
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production of PAI-1 and –2, and similarly, in monocytoid cells, uPAR is upregulated by TNF-

α and interferon-γ (Lu et al., 1988). Furthermore, normal lymphocytes show no uPAR

expression on the cell surface, but various interleukins can induce uPAR expression in these

cells (Nykjær et al., 1994). In human myeloid cells, cytokines such as TNF-α  prime myeloid

cells for uPA-mediated signals leading to cell adhesion (Waltz et al., 1993).

Regulation by growth factors

The plasminogen activation system interacts with growth factors in many ways. On the one

hand, uPA and/or plasmin can activate various latent growth factors (Taipale and Keski-Oja,

1997; Taipale et al., 1998) such as transforming growth factor-beta (TGF-β) and hepatocyte

growth factor (HGF), and on the other hand, these same growth factors can regulate the

expression of various components of the PA system (Laiho and Keski-Oja, 1989; Rifkin et al.,

1999).

Growth factors have high-affinity receptors on cell surfaces. By binding to the extracellular

part of the receptor, growth factors trigger intracellular signals via various kinase pathways. But

TGF-β, for example, is released from cells in an inactive form unable to bind the receptor. The

inactive latent form consists of TGF-β in complex with its binding protein (LTBP), and this

interaction inhibits the ligand-receptor interaction (Taipale et al., 1998). Plasmin, together with

other proteases, is able to release the TGF-β molecule from its propeptide protein and disrupt the

small latent TGF-β complex (Lyons et al., 1988). Therefore, it is able to play an important role in

TGF-β activation.

In normal physiology, TGF-β is a growth modulator which enhances ECM production and

suppresses ECM proteolysis. In various cell types, TGF-β induces PAI-1 expression and

suppresses the expression of both uPA and tPA (Laiho et al., 1987; Laiho and Keski-Oja,

1989). In addition, TGF-β enhances uPAR synthesis in various cell types, such as lung

carcinoma cells (Lund et al., 1991) and retinal pigment epithelial cells (Sirén et al., 1999). In

malignancy, TGF-β may act either as a tumor suppressor by inhibiting cell growth and

degradation of ECM, or as an oncogene because of its angiogenic effects. In addition, TGF-β is

able to induce many other growth factors, such as platelet-derived growth factor (PDGF), basic

fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF), which in turn

also have an effect on various components of the PA system. Both bFGF and HGF can enhance

PAI-1 expression (Wojta et al., 1999). In endothelial cells, in addition to increased PAI-1

expression, bFGF increases uPA activity (Mandriota and Pepper, 1997). Furthermore, uPA and

plasmin release VEGF and other growth factors from ECM (Taipale and Keski-Oja, 1997) and

in this manner promote angiogenesis. In endothelial cells, the binding of VEGF-B to its receptor

has also been shown to lead to increased expression of uPA and PAI-1 (Olofsson et al., 1998),

suggesting that VEGF-B may play a role in extracellular proteolysis and cell adhesion. Taken
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together, these reports confirm that several growth factors either directly induce or suppress the

synthesis of plasminogen activators or indirectly affect their activity by inducing or repressing

the expression of plasminogen activator inhibitors. In cancer, this regulation can be disrupted;

the synthesis and activation of various components of PA system may then occur in an

uncontrolled manner.

PLASMINOGEN ACTIVATION SYSTEM IN CANCER

The traditional view of the PA system in cancer was that tumor cells produce enhanced

amounts of plasminogen activators, mainly uPA, which in turn activate plasminogen to plasmin.

Plasmin then catalyzes the degradation of ECM proteins and in this manner, facilitates cancer

cell invasion into the tissues (Mignatti and Rifkin, 1993; Bell, 1996) (see Fig. 5). However,

because novel functions are being found for different components of the PA system, also the

traditional view has been broadening (Andreasen et al., 2000). Although uPA has been

suggested to be the main plasminogen activator in cancer--in melanoma and neuroblastoma--tPA

may play a role (Neuman et al., 1989; Bizik et al., 1993). Furthermore, that endothelial cells

produce a lot of tPA can be related to vasculature formation in cancer.

Both activators and inhibitors of the PA system as well as uPAR are widely expressed by

various tumor cell lines (Kwaan et al., 1991; Andreasen et al., 1997). Also in vivo, primary

tumors and metastases both express these same components in enhanced amounts (Bianchi et

al., 1994). In addition to tumor cells, also stromal cells and tumor-infiltrating macrophages can

produce several components of the PA system (Pyke et al., 1993). Indeed, it has been proposed

that tumor cells act in concert with stromal cells in cancer invasion (Johnsen et al., 1998). In this

manner, the synthesis of proteolytic factors can be distributed between neoplastic and non-

neoplastic cell types, and it is possible that tumor cells recruit and control stromal cells in order

to produce these factors (Danø et al., 1994; Danø et al., 1999). This view is strengthened by

results from in vivo studies; for example, in breast carcinoma, uPAR is expressed more often in

tumor-associated macrophages in the areas of infiltrating cancer cells than in the actual tumor

cells (Pyke et al., 1993).

Studies in the early eighties were already showing that the inhibition of uPA impaired tumor-

cell invasion in experimental tumor models (Ossowski and Reich, 1983). In addition,

enhancement of uPA expression increases the in vitro invasiveness of tumor cells. Systemic

analysis of tumor tissues and plasma samples of cancer patients confirms further the importance

of the PA system in cancer invasion (Andreasen et al., 1997). It has been demonstrated that the

expression of uPA is associated with unfavorable prognosis in several cancer types, such as

breast and colon carcinoma (Ganesh et al., 1994; Andreasen et al., 2000). Furthermore, uPA
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correlates with the histologic grade and with the metastatic potential of the carcinoma. In addition

to uPA, also high tumor antigen PAI-1 and uPAR levels and decreased PAI-2 levels are

associated with poor disease outcome (Schmitt et al., 1997; Stephens et al., 1998). However, as

the measurements of PA components in the tumor tissue are often quite laborious and also

difficult to standardize (Stephens et al., 1998), attempts have been made to correlate the levels of

uPA, uPAR, and PAI-1 in the circulation with prognosis. Circulating uPAR levels in cancer

patients have already been shown to associate with poor survival prognosis in colon carcinoma

and ovarian carcinoma patients (Sier et al., 1998; Stephens et al., 1999).

In addition to tumor cell invasion, the PA system may also participate in other cancer-related

processes, such as in hemostatic disorders often suffered by cancer patients (Carroll and Binder,

1999) and in angiogenesis (Carmeliet and Collen, 1998; Reijerkerk et al., 2000). Indeed, reports

have described severe bleeding disorders in cancer patients with normal platelet counts and other

fibrinolytic markers, but active uPA and plasmin generation in their circulation and production of

uPA by their tumor cells (Bennett et al., 1997). In angiogenesis, the uPA-mediated PA system

has also been shown to play an important role. uPA and plasmin can activate latent growth

factors (like HGF, TGF-β), which in turn can regulate the formation of new vessels (Carmeliet

and Collen, 1998) (Fig. 5). Furthermore, plasmin-activated matrix metalloproteinases stimulate

endothelial cell proliferation and migration (Werb et al., 1999). Vascular endothelial cell growth

factor (VEGF) upregulates uPA/uPAR expression in endothelial cells, and plasmin can release

VEGF from the ECM (Carmeliet and Collen, 1998). Moreover, angiostatin, which has potent

antiangiogenic activity, is a section of plasminogen, consisting of its kringles 1 to 4 (Reijerkerk

et al., 2000).

In cancer cell invasion, the PA system may also function in concert with other proteinases.

Many matrix metalloproteinases have also been related to tumor-cell invasion by their

degradation of ECM proteins (Blobel, 2000; Curran and Murray, 2000), and in MMP-2

deficient mice, tumor progression, for example, is significantly decreased (Itoh et al., 1998).

Plasmin’s activation of several metalloproteinases can facilitate cancer cell invasion through the

other proteinases (Fig. 5). Furthermore, as shown in wound-healing experiments in mice,

simultaneous inhibition of plasminogen and of a variety of matrix metalloproteinases totally

arrested wound healing, suggesting a functional overlap between these two systems which may

also have an effect on the tissue remodeling processes in cancer (Lund et al., 1999).

Because in vitro experiments have shown that cancer cell invasion can be quite efficiently

inhibited by antibodies against uPA or uPAR (Crowley et al., 1993; Reijerkerk et al., 2000),

many attempts have been made to develop for cancer patients similarly acting drugs for anti-

invasive therapy. The classic old proteinase inhibitors inhibit both uPA and tPA and may, in this

way, disturb fibrinolytic balance. Therefore, a need exists for selective uPA inhibitors or for

inhibitors inhibiting the binding of uPA to its receptor (Tressler et al., 1999). The uPA active-site
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inhibitor B-428 inhibits breast carcinoma invasion and metastasis in the in vitro matrigel model,

as well as in mice (Xing et al., 1997; Alonso et al., 1998). Furthermore, molecules inhibiting uPA

binding to the receptor (e.g., peptides antagonizing uPA-uPAR interaction) have been

demonstrated to inhibit angiogenesis and tumor metastasis formation in mice (Min et al., 1996;

Guo et al., 2000; Mishima et al., 2000). Although these experiments are encouraging, it remains

to be seen whether these molecules may be useful in clinical tumor therapy in the future.

Endothelial cells

Stromal cells

Invading cancer cells
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Fig. 5. Proteinases in cancer cell invasion. Cancer cell invasion is a complex process involving
several enzymes, growth factors, and matrix and membrane proteins. Invasive cells can secrete both
matrix metalloproteinases (MMPs) and serine proteases (plasmin), which also interact which each other.
Cancer cells can also recruit stromal cells to produce these enzymes. Growth factors are able to induce
the production of these enzymes and their inhibitors, but in addition, plasmin, for example, controls the
activation of certain growth factors. Furthermore, several inhibitors (PAI-1, TIMP) control the activity of
enzymes, and PAI-1 also mediates cell adhesion and migration pathways together with integrins,
vitronectin, and uPAR.
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PLASMINOGEN ACTIVATION IN LEUKEMIA

Components of the PA system in normal blood cells

Several types of leukocytes express various components of the PA system. For example,

uPAR and uPA are expressed by monocytes, macrophages, neutrophils, and myeloid precursors,

but not usually by lymphocytes (Wilson et al., 1983b; Miles and Plow, 1987; Wilson et al.,

1992; Plesner et al., 1994b; Jardi et al., 1996; Plesner et al., 1997; Mustjoki et al., 1999).

However, T-cells from HIV-positive patients express uPAR (Nykjaer et al., 1994), and

interleukin or PMA stimulation can also induce uPAR expression in normal lymphocytes

(Nykjaer et al., 1994). In addition, it has been recently reported that antibodies against uPAR

inhibit dendritic cell-induced T-cell activation, suggesting that uPAR may also play a role in

antigen-presenting cell/T-cell interaction (Woodhead et al., 2000). In thrombocytes and

erythrocytes no uPAR has been found, but our previous studies demonstrated that

megakaryocytes express uPAR on the cell surface in the bone marrow. Both tPA and uPA are

expressed by various types of leukocytes. Wilson and Francis (1987) have observed that the

type of plasminogen activator produced by leukocytes is a differentiation-linked property. In

normal bone-marrow cells, uPA was secreted by the more differentiated cells, whereas the more

primitive cells released tPA. tPA protein and mRNA have also been characterized in bone

marrow megakaryocytes (Jeanneau and Sultan, 1988; Brisson-Jeanneau et al., 1990).

Plasminogen activator inhibitors, PAI-1 and PAI-2, are also produced by blood cells. PAI-2 is

mostly expressed by monocytes but not by other leukocytes, whereas PAI-1 is released by

thrombocytes, and in addition, in normal bone marrow, PAI-1 mRNA has been found in

megakaryocytes (Alessi et al., 1994).

An active fibrinolytic system exists in normal human bone marrow (McWilliam et al., 1996).

In contrast to plasma, normal bone marrow has higher levels of active tPA, despite the inhibitors

PAI-1 and PAI-2. In addition, the levels of uPA, α 2-antiplasmin, and tPA-PAI-1 complexes are

low, favoring fibrinolysis in the bone marrow (McWilliam et al., 1996). This tPA activity may be

necessary for removing fibrin deposits and ensuring sufficient blood flow through the bone

marrow.

Components of the PA system in leukemia

Similarly to normal leukocytes, leukemic cells were also found to produce plasminogen

activators into their growth medium (Wilson et al., 1983b; Tapiovaara et al., 1996). Leukemic

cells from AML patients produce quite different amounts of plasminogen activators into the

growth medium, but the amount produced has no correlation with the clinical severity of the

disease (Wilson et al 1983b). Leukemic cells are able to produce both uPA and tPA, whereas

normal granulocytes produce only uPA. Another interesting finding was that patients whose
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cells produce only tPA fail to respond to combination chemotherapy (Wilson et al., 1983b). As

later experiments showed that in healthy individuals more primitive leukocytes produce tPA, and

mature leukocytes produce uPA, the authors postulated that this may be the reason for the tPA

producers' poor response, as poor responses are more often seen in patients whose cells have

early-progenitor-type features (Wilson and Francis, 1987). Moreover, both plasminogen

activators and their inhibitors occur in higher amounts in leukemic cell homogenates from AML

patients than from ALL patients (Wada et al., 1993), and plasma uPA levels are also increased in

AML patients (Garcia Frade et al., 1992).

Studies describing the expression of uPAR on the leukemia cell surface have given somewhat

discrepant results. Plesner et al. (1994b) found uPAR to be expressed in bone marrow leukemic

cells in 12 of their 21 AML patients with FAB classes M2, M4, and M5, but not with FAB class

M1. No uPAR was found in lymphoblastic leukemia cells. A few years later, Jardi et al. (1996)

found uPAR to be expressed only on the surfaces of the most mature acute myeloid leukemias,

M3 and M5 leukemia, but in these groups the pattern was also heterogeneous. At the same time

as our observations (Mustjoki et al. 1999), Lanza et al. (1998) showed that leukemia cells from

all common AML FAB-groups (M0-M5) can have uPAR on their cell surfaces. Furthermore,

they described an AML subgroup (high uPAR positivity, chromosome 11 abnormalities, and

M5 FAB morphology) characterized by a more aggressive clinical course. uPAR mRNA

production of leukemic blast cells has been shown to be limited to FAB-classes M4 to M5

(Scherrer et al., 1999). In sum, all these studies agree that leukemic cells in lymphoid

malignancies do not express uPAR. Moreover, uPAR expression is related to malignancies of

myeloid origin, but among them the pattern is heterogeneous.

In vitro experiments with leukemia cell lines have also revealed that leukemia cells have an

enhanced capacity to activate the pro-uPA they produce, and mainly the active form of uPA is

found on the cell surface and in their growth medium; this differs from adherent tumor cells,

which produce only inactive pro-uPA (Stephens et al., 1988; Tapiovaara et al., 1991; Stephens et

al., 1992). This suggests that leukemic cells have an active proteolytic potential on their cell

surfaces. These results are also applicable in vivo. Tapiovaara et al. (1993) found active uPA in

the mononuclear cells of peripheral blood and bone marrow in patients with acute leukemia, but

not in control subjects or patients with chronic leukemia. No correlation appeared between the

lineage of leukemia and PA activity. However, Scherrer et al. (1999) found recently that

leukemic cells only from AML patients have uPA mRNA and produce active uPA protein,

whereas cells from ALL patients lack this ability. Active uPA has also been found in the

cerebrospinal fluid of acute leukemia patients (Akenami et al., 1996). In addition, in acute

myeloid leukemia marrow, the active form of uPA occurs, in contrast to normal bone marrow,

which shows mostly tPA activity (McWilliam et al., 1998). This uPA activity was suggested to

contribute to the severe hemorrhage occurring in AML patients (see below).
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Plasmin formation plays an important role in normal blood coagulation and fibrinolysis.

Plasmin inhibitors in plasma (α 2-macroglobulin and α 2-antiplasmin) strictly control the plasmin

formation. In leukemia patients, the fibrinolytic balance is often disturbed, and patients have

severe bleeding diathesis. This bleeding diathesis is explained not only by thrombocytopenia,

since even with reasonable thrombocyte counts leukemia patients can experience severe

bleeding. In addition to thrombocytopenia, excessive fibrinolysis has been proposed as causing

some of these problems. This view has been strengthened by the finding that patients with

bleeding disorders have had free uPA in their plasma (Bennett et al., 1989). In addition, APL

patients with disseminated intravascular coagulation (DIC) have shown reduced plasma levels of

PAI-1 and increased levels of plasmin-α 2-antiplasmin complexes and hypofibrinogenemia,

suggesting that the actual problem in DIC is excessive fibrinolysis rather than excessive

coagulation (Sakata et al., 1991; Fukao et al., 1992; Dombret et al., 1993; Dombret et al., 1995).

INTERCELLULAR ADHESION MOLECULES (ICAMs)

Structure and function of ICAMs

ICAMs belong to the immunoglobulin (Ig) superfamily. Humans have at least five of these

glycoproteins (ICAM-1 through -5), and they consist of various numbers of Ig domains:

ICAM-1 (CD54) and -3 (CD50) have five Ig domains, ICAM-2 (CD102) and -4 (Landsteiner-

Wiener antigen) have four, and ICAM-5 (telencephalin) nine Ig domains (Carlos and Harlan,

1994; Gahmberg, 1997; Gahmberg et al., 1997). In addition to Ig domains, all ICAMs also have

a single membrane-spanning domain and a short cytoplasmic portion. ICAM-1, -2, and -3 are

expressed by leukocytes, whereas ICAM-4 is found in erythrocytes and ICAM-5 in brain gray

matter (Gahmberg, 1997; Gahmberg et al., 1997). In addition, endothelial cells express ICAM-1

and -2.

ICAM 1 to 3 are important mediators of leukocyte adhesion; they act as ligands for the

leukocyte-specific β2-integrins (CD11/CD18). LFA-1 (CD11a/CD18) has been shown to bind

all these three different ICAMs, while Mac-1 (CD11b/CD18) binds only ICAM-1 and -2. In

addition, CD11d/CD18 can bind ICAM-3. The binding sites for the β2-integrins are located in

the ICAMs’ aminoterminal domain. Only ICAM-1 binds Mac-1 with its third domain

(Gahmberg, 1997; Gahmberg et al., 1997).

In addition to cell-surface forms, also circulating forms of these leukocyte ICAMs have been

described. Soluble ICAM-1 (sICAM-1) was first found in normal human serum and in

increased amounts in patients with leukocyte adhesion deficiency (Rothlein et al., 1991). Later,

sICAM-1 levels have been shown to be increased in several conditions, such as inflammation

and cancer (Banks et al., 1993; Gearing and Newman, 1993; Nash et al., 1996; Bloom et al.,
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1999; Khoury et al., 1999; McDonnel et al., 1999). The soluble molecule contains most of the

extracellular portion of ICAM-1, and it is also able to bind LFA-1 with high affinity (60 nM)

(Rothlein et al., 1991; Woska et al., 1998). However, the function of sICAM-1 in plasma is

unknown. Similarly to sICAM-1, soluble ICAM-3 (sICAM-3) was first found in human serum

(Martin et al., 1995; Pino-Otín et al., 1995) and in increased amounts in various pathological

conditions: in chronic inflammatory diseases (rheumatoid arthritis, multiple sclerosis, and

systemic lupus erythematosus) and malignancies (Martin et al., 1995; Pino-Otín et al., 1995;

Littler et al., 1997). Recently, it was shown that sICAM-3 can also bind LFA-1, but with much

lower affinity than sICAM-1 (Woska et al., 1998). Furthermore, sICAM-3 and -1 were

demonstrated to compete with each other in LFA-1 binding. As in the case of sICAM-1, the

biological function of sICAM-3 is unknown.

In response to inflammatory stimuli, leukocytes start to extravasate from the blood stream

through the endothelial cell layer and basement membrane into the extracellular matrix to the site

of inflammation (Carlos and Harlan, 1994). In this process, they first roll along the endothelial

cell layer. This rolling has been shown to be mediated by selectins and their olicosaccharide

ligands. After rolling, leukocytes attach firmly to the endothelial cell layer. Adherence is

mediated by β2-integrins, which become activated and begin to bind (Carlos and Harlan, 1994;

Gahmberg, 1997; Gahmberg et al., 1997). After this attachment, leukocytes need to penetrate

through endothelial-cell layers by squeezing themselves through intercellular junctions. Some

evidence exists that integrins are involved in this transmigration (Smith et al., 1988; Smith et al.,

1989), but the regulation of this process and the molecules participating in it are not yet known

in detail.  Supporting the theory of integrin involvement, it has been shown that neutrophils from

patients with leukocyte adhesion deficiency syndrome (an inherited defect in β2-integrins) are

unable to move across the endothelial cell layer (Smith et al., 1988). In addition, ICAM-1 and

LFA-1 are important in monocyte transmigration, as antibodies to these molecules inhibit the

transmigration of monocytes through the endothelial-cell layer (Mentzer et al., 1987; Te Velde et

al., 1987; Arnaout et al., 1988; Luscinskas et al., 1994; Takahashi et al., 1994; Kling et al., 1995;

Meerschaert and Furie, 1995). It has also been shown that PECAM-1 (CD31) is involved in

neutrophil and monocyte diapedesis through endothelial cells (Carlos and Harlan, 1994).

However, further studies are still needed to clarify the exact mechanisms of leukocyte

transmigration through endothelial cells and basement membranes.

ICAMs and leukemia

As ICAMs are widely expressed and have important functions in normal leukocytes, it has

been thought that they play an important role in leukemia cells as well. The actual functions of

ICAMs in leukemia cells are not known in detail, but it has been suggested that they may

participate in releasing blast cells from the bone marrow into the circulation, in homing blasts to
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various organs, and in aiding blast cells to communicate with each other. The expression of

adhesion molecules on the blast cell surface varies between leukemia types and also between

patients with the same type of leukemia. ICAM-1, CD11a, and CD18 are usually expressed both

in AML and in ALL blasts, but some patients in these groups have no expression at all on their

blast cells (Maio et al., 1990; Archimbaud et al., 1992; Reuss-Borst et al., 1992; Liesveld et al.,

1993; Raspadori et al., 1993; Reuss-Borst et al., 1995; Hirano et al., 1996; Kawada et al., 1996;

Mielcarek et al., 1997; Bruserud and Ulvestad, 1999; De Waele et al., 1999). In contrast, CD11b

is more commonly expressed in AML blasts than in ALL blasts (Reuss-Borst et al., 1995). In

B-cell chronic lymphocytic leukemia (B-CLL) ICAM-1, -2, and -3 are frequently expressed

(Molica et al., 1996; Vincent et al., 1996; Csanaky et al., 1997; Behr et al., 1998; Angelopoulou

et al., 1999). There have been attempts to find a correlation between blast cell expression of

adhesion molecules and clinical behavior of the disease, but the results have been quite

discrepant. Some studies report no correlation between blast cell expression of ICAMs and

clinical behavior (Archimbaud et al., 1992; Kawada et al., 1996). However, Mielcarek et al.

(1997) showed in childhood ALL a positive correlation between low ICAM-1 expression and

high peripheral leukocyte count and central nervous system involvement. ICAM-1 seemed to be

a favorable prognostic factor, but not independent. In adult AML, LFA-1 expression has been

shown to correlate with splenomegaly and resistance to chemotherapy and therefore to shorter

survival (Kawada et al., 1996).

To our knowledge, the circulating form only of ICAM-1 has been studied in leukemia thus

far, and is increased in childhood ALL and also in adult AML and ALL (Pui et al., 1993;

Sudhoff et al., 1996). No correlation exists between the white blood cell count and sICAM-1

levels, sICAM-1 level the correlation with the clinical behavior of leukemia is weak (Pui et al.,

1993; Sudhoff et al., 1996). However, in childhood Hodgkin's disease and adult B-CLL,

sICAM-1 levels correlate with disease stage and also with frequency of relapse (Pui et al., 1993;

Christiansen et al., 1994). In remission, the levels were normal in childhood malignancies. In

sum, the number of studies is still small, and more information is needed to clarify the overall

prognostic impact of adhesion molecules in leukemia.
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AIMS AND OUTLINE OF THE PRESENT STUDY

The active processes of pericellular proteolysis and cell adhesion and invasion are central in

tumor invasion. The importance of the plasminogen activation system and especially the roles of

uPA and uPAR are well established in solid tumors, but in hematopoietic malignancies these

were less clear.

In promyelocytic leukemia, Tapiovaara et al. (1994) found that retinoid acid (RA), which is

used as a differentiation therapy for APL patients, transiently increases uPA activity in

promyelocytic cells. However, the effects of RA on the plasmin formation were still unknown.

Furthermore, some reports suggested that RA together with interferons could be a more efficient

differentiation therapy in cancer. Therefore, we aimed to study the effects of RA together with

interferons on the activation of plasminogen and on the formation of plasmin in APL cells in

culture. RA treatment may result in a severe complication called retinoic acid syndrome

characterized by fever, leukocytosis, and pulmonary infiltrations. APL patients with this

syndrome have a shorter survival than do patients without the syndrome (De Botton et al., 1998).

However, the actual pathophysiological mechanisms behind the syndrome are unclear.

Therefore, we chose to evaluate the effects of RA on the invasion capacity of APL cells in three-

dimensional culture. Because the invasion mechanisms of leukemia cells are, overall, quite

poorly understood, we also chose to evaluate the blast cell extravasation in the same organotypic

model, and the involvement of various adhesion molecules.

The presence of the soluble urokinase receptor in plasma was first described by Ploug et al.

(1992). In 1997, Stephens et al. reported that some cancer patients show increased serum

suPAR levels. In leukemia this had not been studied, and the characterization of the other

components of the PA system in ex vivo leukemia cells had also been inconclusive. Therefore,

we chose to evaluate uPA and uPAR expression on the blast cell surface and in the plasma

samples of leukemia patients at diagnosis, and to study their correlation with the type and clinical

behavior of their leukemias. Because results from these studies suggested that AML patients

with high suPAR levels at diagnosis had a poor response to chemotherapy, we aimed to further

analyze the behavior of suPAR during chemotherapy, and to examine whether it could serve as a

marker for relapse in leukemia. Furthermore, we chose to study the origin and cleavage of

suPAR in leukemia patients, because uPAR fragments are able to induce a chemotactic effect in

vitro (Resnati et al., 1996, Fazioli et al., 1997). In addition, the cellular source of suPAR in

plasma samples of healthy individuals was still unclear. Therefore, we also studied the release of

suPAR by various cell types, and the influence of cell-cell contact on such release.
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MATERIALS AND METHODS

Patient samples

Blood samples
Blood samples were obtained at the time of diagnostic sampling from patients referred with a suspicion of

acute leukemia before any cytoreductive treatment. Altogether, samples from 135 adult patients with acute
leukemia and 55 patients with other hematological disorders were enrolled into this study. In addition, from 58 of
these 135 acute leukemia patients, follow-up samples were obtained during chemotherapy at 5, 14, 28, and 56
days after start of therapy. Samples from 40 healthy volunteers served as controls. All samples were collected at
the Helsinki University Central Hospital during the years 1996 to 2000. The study protocol was approved by the
local ethics committee.

Blood samples were drawn into EDTA tubes and kept on ice before plasma separation. Plasma was separated
within 2 hours by centrifugation for 30 min at 4°C at 1800 x g and stored frozen in aliquots at -70°C until assay.
The mononuclear cell fraction was separated with Ficoll-Hypaque centrifugation. In leukemia patients, most of
the mononuclear cells were tumor cells. The white blood cell (WBC) count and percentage of blast cells were
obtained from simultaneous routine tests. Tumor-cell count in the circulation was determined as percentage of
blast cells x white blood-cell count.

Urine samples
Urine samples were collected during the chemotherapy at days 0, 5, 14, 28, and 56 days after start of therapy

from 58 patients with acute leukemia. Samples were centrifuged at 4°C at 1800 x g for 10 min and stored frozen
in aliquots at -70°C before assay. Urine samples from 30 healthy controls were treated similarly.

Creatinine content of the urine samples was measured by the Jaffé method according to manufacturer's
instructions (Boehringer Mannheim) with a Hitachi 917 analyzer. Urinary suPAR levels were normalized for the
dilution factor based on creatinine values as earlier described (Sier et al., 1999). Ratios of uPAR/creatinine were
expressed as ng/ml uPAR divided by mg/dl creatinine.

Bone marrow samples
Bone-marrow aspirates were collected from 15 patients with acute leukemia, from 6 patients with other

hematological disorders, and from 5 healthy bone-marrow donors. Aspirates were collected into EDTA tubes, and
plasma was separated by centrifugation for 30 min at 4°C at 1800 x g and stored frozen in aliquots at -70°C.

Patient diagnoses
The diagnoses were based on morphological, cytochemical, cytogenetic, and cell-surface markers. Acute

myeloid leukemia (AML) was diagnosed in 92 of these 135 acute leukemia patients [French-American-British
(FAB) classes: M0: 8, M1: 13, M2: 31, M3: 5, M4: 17, M5: 9, M7: one, NC (not classified): 2, and 6
secondary leukemias] and acute lymphoid leukemia (ALL) in 35 patients (immunophenotypic classes: cALL: 25,
T-ALL: 6, pre-pre-B-ALL: 3 and one Burkitt lymphoma). Nine patients had a hybrid phenotype: both lymphoid
and myeloid markers were found on the cell surface. In addition, 55 patients with other hematological disorders
were included in the study: 18 patients with chronic myeloid leukemia (CML), 2 with chronic lymphocytic
leukemia, 4 with myeloma, 2 with idiopathic thrombocytopenia (ITP), 5 with aplastic anemia, 8 with
myelodysplastic syndrome (MDS), 2 with hairy-cell leukemia, one with lymphoma, one with heavy-chain
disease, one with chloroma, one with low-grade B-cell disorder, one with monocytosis NUD, one with
myelofibrosis, and 8 with reactive cytopenia (2 drug-induced, 4 due to infection, one due to systemic lupus
erythematosus, and one developed ALL later).

Treatment of patients with acute leukemia
Patients with AML were treated with high-dose combination chemotherapy containing idarubicin, cytarabine,

thioguanine, mitoxantrone, etoposide, and amsacrine according to the Finnish Leukemia Group protocol (Elonen
et al., 1997). Elderly patients were treated with reduced doses according to established guidelines. Patients with
ALL were treated according to the Finnish Leukemia Group protocol ALL94 consisting of cycles of high doses
of mitoxantrone, cytarabine, etoposide, daunorubicin, vincristine, asparaginase, methotrexate, teniposide,
doxorubicin, cyclophosphamide, mercaptopurine, carmustine, prednisone, and dexamethasone (Elonen et al.,
1998).

Response to therapy
The observation period for these patients varied from 6 months to 4 years. All were treated with ≥three cycles

of chemotherapy, unless they died. Their response to therapy was evaluated according to routine clinical practice.
AML patients were divided into two categories: A) patients with good response to chemotherapy: complete
remission with one to two cycles of chemotherapy, and no relapse within 6 months, B) patients with poor
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response to chemotherapy: residual disease after two cycles of chemotherapy or relapsed during therapy within 6
months.

Cell culturing

General cell cultures
Cell culturing was performed in a humidified 5% CO2 atmosphere at +37°C. Cells were grown in RPMI-

1640 in the presence of 10% fetal bovine serum (FBS) (GibcoBRL, Karlsruhe, Germany) containing 2 mM
glutamine, 100 IU/ml penicillin, and 100 µg/ml streptomycin, unless otherwise indicated. The promyelocytic
NB4 cell line was kindly provided by Dr. Michel Lanotte (INSERM, Paris, France). It was derived from the bone
marrow of an acute promyelocytic leukemia (APL) patient in relapse, and carries the t(15;17) translocation
characteristic of APL cells (Lanotte et al., 1991). Other non-adherent hematopoietic cell lines used were U937,
Jurkat, KG1, RC2A, THP-1, HL60, and Molt from the American Type Culture Collection (ATCC) (Rockville,
MD). Human microvascular endothelial cells (HMEC-1) (Ades et al., 1992) were a kind gift from Dr. T.J.
Lawley (Emory University School of Medicine, Atlanta, GA). Human umbilical vein endothelial cells (HUVEC)
were isolated and grown in endothelial cell growth medium (PromoCell, Heidelberg, Germany).

In addition to normal culture plates, cells were also co-cultured in Transwell chambers (Costar, Corning, NY)
in order to have a shared growth medium without cell-cell contacts.

Organotypic model for vessel wall
Collagen type I was purified from rat tail tendons as earlier described (Elsdale and Bard, 1972). Collagen gels

were prepared by diluting purified collagen in RPMI medium containing 10% FBS, 2 mM glutamine, 100 IU/ml
penicillin, 100 µg/ml streptomycin, to achieve 0.6 mg/ml collagen in the final concentration. This solution, 0.4
ml per well, was pipetted into 48-well cell culture cluster plates (Costar, Cambridge, MA), and gels were allowed
to form for 30 min at +37˚C. Endothelial cells (80 000 cells in 0.4 ml of growth medium) were seeded on the
collagen gels and left to form monolayers overnight at +37˚C. Next morning, the growth medium was removed,
and freshly isolated blood mononuclear cells or leukemia cells were added (0.2 million cells/0.4 ml of growth
medium) on top of the endothelial cells. Monoclonal antibodies (20 µg/ml) or purified proteins were either
included in the growth medium at the same time as mononuclear cells were added, or endothelial cells were
preincubated with the antibodies for 30 min at +37˚C, before addition of the mononuclear cells. Adherence and
invasion of blood cells through the endothelial cell layer into the collagen matrix was monitored by light
microscopy. After 1 to 3 days of culture, the collagen rafts were carefully detached from the wells and fixed with
10% formaldehyde. After fixation, the rafts were processed as normal tissue samples, and before casting in
paraffin, they were cut vertically to reveal the cross section of the collagen rafts. Sections of 4 to 6 µm were cut
from the paraffin blocks and stained with hematoxylin and eosin (HE) for histological evaluation.

Invasion of the blood cells was studied in HE-stained sections under light microscopy. The number of invaded
cells in the collagen matrix per x 20 high-power field was counted in four different areas of each section and from
three different sections of each sample. The extent of invasion was determined as percentage of invaded cells
compared to sections of samples treated with control antibody.

Cell lysates
Cells were lysed in phosphate-buffered saline (PBS), pH 7.4, containing 1% Triton X-100 and protease

inhibitors (Complete™; Boehringer Mannheim, Mannheim, Germany). The lysates were centrifuged at 4°C at 14
000 x g for 10 min and the supernatants stored at -70°C until assay. Total protein was determined by the BCA
protein assay kit (Pierce, Rockford, IL).

Elution of uPA and plasmin from the cell surface
To determine the amount of cell-bound uPA activity, the cells were first washed twice with Dulbecco's

balanced salt solution containing 0.2% BSA (DBSA) and then eluted with acid glycine (20 mM glycine, 100
mM NaCl, pH 3.0) (Stoppelli et al., 1986). The acid glycine fraction was neutralized with 1 M Tris-HCl, pH
8.0. To determine the capacity to activate exogenously added plasminogen to plasmin, the cells were suspended
in plasminogen-depleted growth medium, and human plasminogen (50 µg/ml) was added (Tapiovaara et al.,
1991). Plasmin generation was allowed to proceed for 30 min at 37°C, after which cells were washed twice with
DBSA. Cells without incubation with plasminogen served as negative controls. Cell-bound plasmin was eluted

with 10 mM tranexamic acid (Kabi Pharmacia, Stockholm, Sweden) in DBSA (200 µl per 106 cells) for 10
minutes at room temperature. The eluates were then ready for enzymatic assays.
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Antibodies and molecular probes

Antibodies against different members of the PA system
The following antibodies were used: monoclonal antibodies against human uPAR R2, R3, R4, and R5

recognizing different domains of uPAR molecule (R2 and R4 react with the carboxyterminal domain D3 of
uPAR, and R3 and R5 with the aminoterminal domain D1), these kindly provided by Dr. Gunilla Høyer-Hansen,
Finsen Laboratory, Copenhagen, Denmark; polyclonal rabbit anti-human uPAR (Finsen Laboratory),
monoclonal anti-human uPAR (American Diagnostica, Greenwich, CT; #3936), polyclonal rabbit anti-human
uPA (American Diagnostica, #389), monoclonal anti-human uPA clone 12 (Finsen Laboratory), and polyclonal
goat anti-human tPA (American Diagnostica; #387).

Antibodies against adhesion molecules
The monoclonal antibodies were UHP cocktail (ICAM-1) (Tiisala et al., 1994), LB2 (ICAM-1) (Patarroyo et

al., 1987), TS 1/22 (CD11a) (Sanchez-Madrid et al., 1982), 7E4 (CD18) (Nortamo et al., 1988), BR7 (ICAM-2)
(Xie et al., 1995), CBRIC2/2 (ICAM-2) (Bender Medsystems, Vienna, Austria), and BR1 (ICAM-3).

Leukocyte and control antibodies
The monoclonal antibodies were: anti-CD68-recognizing monocyte-macrophages (KP1, DAKO, Glostrup,

Denmark), anti-CD3-recognizing T lymphocytes (DAKO), X63 (mouse IgG) (ATCC), anti-human cytokeratin
(DAKO, #M0630), anti-human biotin (DAKO, #M0743), and normal mouse or rabbit IgG (R&D systems,
Abingdon, UK; #MAB002/#AB105C).

Molecular probes
The cDNA clone for uPA (fragment BamHI) was obtained from ATCC. The cDNA clones for the uPAR

(fragment SphI SacI) (Roldan et al., 1990), PAI-1 (fragment BamHI) (Andreasen et al., 1986), and GAPDH
(fragment PstI) (Fort et al., 1985) were kindly provided by Dr. Jens Eriksen and Dr. Leif Lund (Finsen
Laboratory). The probes were labeled with digoxigenin (DIG) coupled to dUTP by a DIG random primed DNA
labeling kit (Boehringer Mannheim; cat. no. 1175 033) according to the manufacturer's instructions.

Other reagents

Effectors
13-trans retinoic acid (Tretinoin) was kindly provided by F. Hoffman-La Roche Ltd, Basel, Switzerland. The

stock solutions were dissolved in ethanol, and the concentration used in cell cultures was 1 µM. Interferons α
and γ were a kind gift from Drs. Kari Cantell and Ilkka Julkunen of the National Public Health Institute,
Helsinki, Finland (Sareneva et al., 1994, 1995). They were dissolved in RPMI-1640, and the concentration used
in cell cultures was 1000 IU/ml. Dexamethasone (Sigma, St. Louis, MO; #D8893) was dissolved in ethanol, and
the concentration used was 100 nM. Phorbol 12-myristate 13-acetate (PMA) was also dissolved in ethanol and
used at a concentration of 50 nM.

Plasminogen
Plasminogen was purified from precleared citrated plasma according to Deutsch and Mertz (1970). In brief,

plasma was run through a Lysine-Sepharose column in the presence of several protease inhibitors to inhibit the
activation of plasminogen to plasmin. Lysine-bound plasminogen was eluted from the column with the
aminocaproic acid, after which the fractions with high protein concentration were re-run through the column and
eluted similarly with the aminocaproic acid. Finally, eluted fractions were dialyzed, and protein concentration was
determined with the BCA protein assay kit; the purity of the protein was determined by running the samples in
8% SDS-PAGE.

Collagen type I
Collagen type I was purified from rat-tail tendons according to an established method (Elsdale and Bard,

1972). In brief, tendons were purified and dissolved in 10 mM HCl from which collagen was precipitated with
NaCl. It was then further dissolved in 2.5 mM HCl, with extra salt removed by dialysis. The final protein
concentration was measured with the BCA protein assay kit (Pierce, Rockford, IL) and was usually 1-1.5 mg/ml.

Production and purification of sICAM-1
A soluble form of ICAM-1 (sICAM-1) was purified as described by Hedman et al. (Hedman et al., 1992). In

short, sICAM-1 protein was produced by CHO cells, which were transfected with a fusion cDNA coding the
extracellular part of ICAM-1 and a part of IgG heavy chain. Transfected cells produced the fusion protein into the
growth medium, and from the growth medium, it was purified on a protein Sepharose A column, which bound
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the Fc part of the protein. Bound protein was eluted with 0.1 M glycine, pH 3.0, from the columns. Eluted
fractions were concentrated, and the buffer was changed to PBS by means of Centricon-30 tubes (Millipore,
Bedford, MA). The purity of the fusion protein fraction was evaluated by 8% SDS-PAGE. Protein concentration
was determined by the BCA protein assay kit (Pierce).

Enzyme-linked immunosorbent assays (ELISAs) and other microwell plate assays

Assay of soluble uPAR and uPAR in cell lysates
The ELISA for suPAR has been described in detail (Stephens et al. 1997). In brief, immunoplates were

coated overnight with purified polyclonal anti-human uPAR antibodies. The wells were blocked with SuperBlock
solution (Pierce), and after this blocking, the wells were rinsed with PBS-Tween 20. After washing, the wells
were incubated with standard dilutions of purified recombinant suPAR or with 1:10 dilutions of plasma and urine
samples made in a sample dilution buffer (7 mM KH2PO4, 40 mM Na2HPO4, pH 7.4, 0.1 M NaCl, 2 mM

KCl, 10 g/L BSA, and 1 g/L Tween 20). From the cell lysates, protein concentrations were first determined, and
then a volume equal to 20 µg of protein was placed in each well. After antigen binding, the wells were rinsed,
and then plates were incubated with a mixture of three monoclonal anti-human uPAR antibodies (R2, R3, and
R5), followed by a rabbit antimouse immunoglobulins-alkaline phosphatase conjugate. After washing, a p-
nitrophenyl phosphate substrate solution was added, and a color reaction was allowed to develop at room
temperature. The absorbances were read in a Multiscan MCC/340 plate-reader (Labsystems, Helsinki, Finland) at
405 nm. Each sample was tested also without specific monoclonal antibodies, and a few plasma samples gave a
low positive reaction. These samples were not included in the analysis and in the tables are marked as reactive
(R). Interassay variation for the samples was <10%, and the lower detection limit of this assay was 0.03 ng/ml.

Immunocapture assay for plasminogen activators
uPA and tPA activities were assayed by a microimmunocapture assay (Stephens et al., 1987). It measures

inactive proenzymes by activating them to active two-chain forms. It does not measure plasminogen activators in
complexes with inhibitors. Briefly, samples were bound in duplicate or triplicate to microwell plates coated with
10 µg/ml of rabbit IgG to human uPA (American Diagnostica, Greenwich, CT; #389) or goat IgG to human
tPA (American Diagnostica; #387). After binding, the wells were washed with PBS + 0.05% Tween 20, and then
human plasminogen was added. Plasmin formed by antibody-bound activators was measured by its thioesterase
activity on Z-lysine thiobenzyl ester (Peninsula Laboratories, Belmont, CA). The absorbances were read in a
Labsystems Multiscan MCC/340 plate-reader at 405 nm. Standard dilutions of purified human urokinase
(American Diagnostica; #124) and human tPA (American Diagnostica; # 116) served for quantitation of
enzymatic activity (0 to 1.0 IU/ml). The absorbance curve was linear between the values 0.1 to 1.0. The lower
detection limit of the assay for uPA and tPA is 0.02-0.04 IU/ml.

Assay of eluted plasmin
Eluted plasmin samples (50 µl) were pipetted in duplicate in microwell plates, and plasmin was measured by

its thioesterase activity as described above for the immunocapture assay. Standard dilutions of human plasmin
(Kabi Diagnostica) were used for quantitation of enzymatic activity.

Assay of uPA antigen
Plasma samples were assayed by an ELISA method according to the manufacturer's instructions (Monozyme,

Hørsholm, Denmark). This determines active and inactive (uPA-PAI-1-complexes) forms of uPA antigen. The
lower detection limit of the ELISA kit is 25 pg/ml of uPA.

Analysis of sICAM-1 and -2
Soluble ICAMs were assayed from plasma samples by ELISA methods. The human sICAM-1 immunoassay

kit came from BioSource International (Camarillo, CA), and the human sICAM-2 ELISA kit from Bender
MedSystems. The lower detection limits of the ELISA kits were 0.04 ng/ml of sICAM-1 and 0.46 U/ml of
sICAM-2.

Other immunological methods

Immunostaining of cell surface uPA, uPAR, and adhesion molecules by fluorescence-activated cell sorter
(FACS)

For FACS analysis, the cell samples (1x106 cells/ml) were collected, and the cell suspension was centrifuged
for 10 min at 1000 x g. The cells were washed with PBS containing 1% of FBS (PBS-FBS) and resuspended
after centrifugation in 50 µl of primary monoclonal or polyclonal antibody (conc. 10-50 µg/ml) (antibodies
described above). The cells were incubated in the presence of IgG for 30 min on ice, after which they were washed
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twice with PBS-FBS and resuspended in 100 µl of fluorescein isothiocyanate (FITC) -conjugated rabbit anti-
mouse IgG or swine anti-rabbit IgG (DAKO, Copenhagen, Denmark) diluted 1:50 in dilution buffer. After 30
min on ice, the cells were washed twice with PBS-FΒS and resuspended in 300 µl of PBS on ice; 10 000 cells
were analyzed with a FACScan IV (Becton Dickinson, Mountain View, CA). In the case of patient samples,
blast cell populations were detected based on their forward- and sidescatter properties, and only that population
was included in the analysis.

Immunoprecipitation and immunoblotting
Urine, plasma, and cell lysate samples were immunoprecipitated with biotinylated R2 and R3 monoclonal

antibodies (Finsen Laboratory) prebound to immobilized streptavidin (Boehringer Mannheim) (Sidenius et al.,
2000). These antibodies recognize different domains of uPAR: R2 reacts with the carboxyterminal domain D3 of
uPAR, and R3 with the aminoterminal domain D1. Immunoprecipitated proteins were fractionated by 12% SDS-
PAGE under non-reducing conditions. The proteins were transferred to nitrocellulose membranes and detected
with polyclonal rabbit anti-uPAR IgG, with chemiluminescent visualization of the complexes (SuperSignal
Ultra, Pierce).

Immunohistochemistry
A Ventana automated slidestainer for immunohistochemistry (Ventana Medical Systems, Tucson, AZ) was

used for staining the 4 µm paraffin sections. Detection was based on an avidin-peroxidase method using
biotinylated secondary antibodies. Counterstaining was done with hematoxylin, and bluing reagent (0.1M
lithium carbonate in 0.5 M sodium carbonate) served as the post-counterstain.

Immunofluorescence
Cells were grown on glass coverslips in multi-well culture plates. After culturing, the plates were transferred

onto ice, and the coverslips were washed twice with DBSA. After the washing, primary antibodies were added to
the coverslips and incubated for 30 min on ice, after which the cells were washed again. Before secondary
antibody addition, cells were fixed with ice-cold methanol for 15 min at -20°C followed by thorough washing and
then incubated with secondary FITC-conjugated antibodies (Myöhänen et al., 1993). At the end, cells were
washed again, and coverslips were mounted on object classes.

RNA extraction and Northern analysis

RNA extraction was done according to the method of Chomczynski and Sacchi (1987): 1x107 cells were
lysed in solution D containing guanidium thiocyanate, sodium citrate, sarkosyl, and 2-mercaptoethanol, and the
RNA phase was separated with a phenol and chloroform-isoamyl alcohol solution. The RNA isolated was
quantitated with a spectrophotometer, and those samples containing the same amount of mRNA (20 µg) were
size fractionated in 1% agarose gels and transferred to a Hybond N nylon membrane (Amersham,
Buckinghamshire, England). Prehybridizations and hybridizations were performed in a solution containing
formamide, standard saline citrate (SSC), N-laurosyl sarkosine, sodium dodecyl sulphate (SDS), and blocking
solution (Boehringer Mannheim). The hybridization was carried out overnight, and after that the filters were
washed twice at +42°C with 0.5 x SSC and 0.5 x SDS and then twice at +68°C. The detection was done by use
of alkaline phosphatase conjugated anti-digoxigenin (DIG) antibodies. Luminescent reactions from filters were
exposed to X-ray films. The X-ray films were scanned, and the relative intensities were determined in comparison
with the glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) signal from the same filter.

Zymography

Plasma, growth media, and cell lysate samples were electrophoresed on 10% polyacrylamide SDS-PAGE
gels, which were supplemented with plasminogen (10 µg/ml) and dry nonfat milk as a source of casein (Granelli-
Piperno and Reich, 1978). After electrophoresis, the gels were washed twice with 2.5% Triton X-100 and
incubated in 10 mM CaCl2, 50 mM Tris (pH 7.5) for 24 to 72 hours at 37°C. The gels were then stained with
Coomassie blue, after which clear bands were seen in the areas of proteolytic activity against the blue background
staining. Purified human uPA and tPA (American Diagnostica) served as positive controls.

Statistical analysis

The following tests were used for comparison of the results: Student's unpaired, paired, and one-group t-tests,
the Mann-Whitney U-test, and Chi-square test. The correlation coefficients r and Rho were calculated according to
Pearson and Spearman Rank Correlation tests. Results were considered significant when p≤0.05.
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RESULTS

Enhanced plasminogen activation and plasmin formation by retinoids and

interferons in acute promyelocytic leukemia cells (I)

Patients with acute promyelocytic leukemia (APL) are treated with retinoic acid (RA) in

addition to conventional chemotherapy. RA induces the differentiation of promyelocytic

leukemia cells in vitro and in vivo, and it also reduces the bleeding tendency characteristic of

APL patients. Severe side-effects (leukocytosis, pulmonary infiltrations, and respiratory distress

syndrome) sometimes caused by the RA treatment are called the retinoic acid syndrome. These

side-effects are relieved by dexamethasone administration, but occasionally the syndrome has a

fatal outcome. The plasminogen activation system and plasmin formation play an important role

in fibrinolysis, and it has also been suggested that plasminogen activation can affect the

fibrinolytic balance in leukemia patients. Tapiovaara et al. (1994) showed earlier that RA

treatment induces a transient uPA increase in promyelocytic NB4 cells. However, the actual

formation of plasmin by promyelocytic leukemia cells had not been studied, and also the RA’s

effect on it was unknown. Furthermore, other in vitro studies have suggested that interferons and

retinoids may have combined effect on cell differentiation. Therefore, we chose to analyze the

activation of plasminogen to plasmin in promyelocytic cells and the effects of retinoids,

interferons, and dexamethasone on the plasminogen activation cascade. We used the

promyelocytic NB4 cell line as a model for acute promyelocytic leukemia and treated NB4 cells

with RA to induce differentiation. At the various time points (12, 24, and 48 hours) we collected

samples of growth medium and cell surface eluates and extracted mRNA from these cells.

Components of the PA system (uPA, uPAR, and PAI-1) were analyzed with specific ELISAs,

FACS analysis, and Northern blotting.

RA enhances transient uPA production and plasmin formation

As earlier observed (Tapiovaara et al., 1994), we, too, noticed that RA induced transient uPA

production in promyelocytic NB4 cells. The elevation was evident in mRNA level at 10 hours,

and at 24 hours the uPA mRNA level had already fallen to its basal level. On the cell surface and

in the growth medium, uPA protein levels rose for to 24 hours, this increase being more

pronounced in secreted uPA than in cell-bound uPA. Thereafter, uPA protein levels started to

fall again, and after 48 hours of treatment, less uPA was seen on the surface of RA-treated cells

that on control-treated cells. Our results also indicated that uPA induction led to the activation of

plasminogen on the NB4 cell surface. The generation of plasmin followed closely the induction

of uPA, with the highest cell-surface plasmin levels detected at 24 hours. After 48 hours of RA

treatment, plasmin levels fell below their basal level.
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Combined effects of RA and interferons or dexamethasone on the plasminogen activation

cascade

In contrast to RA, in NB4 cells, neither interferon α  nor γ had any effect on the plasminogen

activation cascade. Yet, when either of these two interferons was combined with RA, more

pronounced induction of uPA appeared both in the mRNA level and in protein level. In addition,

a similar effect was seen in plasmin formation on the cell surface. This suggests that in

promyelocytic cells, RA and interferons have a synergistic effect on plasminogen activation.

We also studied the effect of dexamethasone on the PA system in promyelocytic cells. When

used alone, dexamethasone had no significant effect on the production of uPA or on plasmin

formation. When dexamethasone was added together with RA, it suppressed the effect of RA,

and neither cell surface induction of uPA nor induction of plasmin formation was any longer

observed.

Increase in levels of uPAR and PAI-1 after uPA induction

Because uPAR and PAI-1 are closely related to cell adhesion and migration, it was of interest

to study the effects of RA and interferons on uPAR and PAI-1 expression. In contrast to uPA

mRNA levels, for which a transient increase with RA treatment was evident at 10 hours, uPAR

and PAI-1 mRNA levels increased more markedly only after 21 hours of RA treatment, and

these levels continued to rise for up to 46 hours. The interferons potentiated especially the effect

of RA on the induction of PAI-1 expression, and a slight increase was also observable in uPAR

expression. Alone, interferons had no marked effect on uPAR or PAI-1 expression.

It is noteworthy that expression of uPAR and PAI-1 was still significantly elevated after 48

hours of RA treatment. Later, we observed that RA treatment induces rapid extravasation of

promyelocytic cells (see page 46). It is thus possible that the enhanced expression of uPAR and

PAI-1 is associated with these cells’ invasiveness. We have also studied the effect of RA

treatment on the release of uPAR into the culture medium and noticed that concomitant with the

increased uPAR expression in these cells, the amount of suPAR also increased significantly in

the culture medium (Fig. 6).

Days

RA treated

Promyelocytic leukemia (NB4) cells were
treated with retinoid acid (RA). Samples of
growth medium were collected at various time-
points, and suPAR was measured in them with
uPAR ELISA.

    Fig. 6. suPAR in the growth medium of  promyelocytic leukemia (NB4) cells
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Extravasation of blast cells and promyelocytic leukemia cells in organotypic model for

vessel wall: impact of various adhesion molecules (II)

Leukemia cells have a strong tendency to invade from the blood stream into various organs,

but the mechanisms behind leukemia cell extravasation are largely unknown. Since ICAMs are

important mediators in normal leukocyte adhesion, we chose to examine their roles in leukemia

cell invasion.

We developed a novel three-dimensional organotypic model for vessel wall, in which we

studied the extravasation of normal mononuclear cells, blast cells from acute leukemia patients,

and promyelocytic leukemia cells. This model consisted of an underlying matrix lattice, made of

collagen type I purified from rat tail tendons. On the top of the collagen gel, we seeded

endothelial cells and allowed them to form a confluent cell layer (see Fig. 7). Leukemic or

peripheral mononuclear cells were loaded in suspension on the lattice. Extravasation and

infiltration of cells was followed by light microscopy. After 1 to 2 days, lattices were cast in

paraffin blocks, and sections were cut and stained with hematoxylin and eosin (HE) to visualize

the invasion of the cells.

Rapid invasion of healthy mononuclear cells and leukemic cells: inhibitory effect of ICAM-1

antibodies on extravasation

Mononuclear cells from healthy individuals invaded through endothelial cell layers into the

underlying collagen matrix in only a few hours. Immunohistochemical staining with monocyte

and lymphocyte antibodies confirmed that monocyte-macrophages and lymphocytes were both

Endothelial cells

Collagen fibers (type I)

Mononuclear blood cells from healthy
controls or from leukemia patients

Fig. 7. Organotypic model for extravasation
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able to invade through endothelial cells. Moreover, isolated blast cells from AML and ALL

patients had the capacity to extravasate in a couple of hours, and after 24 hours, most of the blast

cells were detected in the collagen matrix under the endothelial cells (see Fig. 8).

In order to evaluate the roles of different adhesion molecules (ICAM-1, -2, -3, CD11a, and

CD18) on the extravasation process, antibodies against these adhesion molecules were added to

the mononuclear cell suspension, or endothelial cells were preincubated with them. Our results

showed that extravasation both of normal mononuclear cells and of leukemia cells could be

totally inhibited with ICAM-1 antibodies. In healthy individuals, ICAM-1 antibodies inhibited

almost 90% of the invasion (13±2% of cells invaded as compared to cells treated with control

antibody). In leukemia patients, ICAM-1 antibody prevented >80% of the extravasation of blast

cells in five of six AML patients and one of two ALL patients. Antibodies to other adhesion

molecules (CD11a, CD18, ICAM-2, and ICAM-3) had some, but not significant effects on the

extravasation.

Because earlier in vitro experiments have shown that soluble ICAM-1 can bind to its counter

receptor LFA-1, we produced and purified soluble ICAM-1 protein from transfected CHO cells

in order to interfere with integrin/ICAM-1 binding and in that manner influence extravasation of

mononuclear cells. However, at the concentrations used (10-40 µg/ml), sICAM-1 protein had no

effect on the extravasation (105±9% of cells extravasated compared to control treated cells). Yet,

when ICAM-1 antibodies were preincubated with the purified sICAM-1 protein, the antibodies

lost their ability to block the extravasation of mononuclear cells.

Fig. 8. Invasion of leukemia cells in an organotypic culture

Extravasation of acute promyelocytic leukemia cells: dramatic effect of retinoic acid

Our earlier results showed that RA treatment induced uPAR and PAI-1 expression in

promyelocytic leukemia cells, and because both of these molecules are associated with the

adhesion and migration capacity of the cells, we decided to test the invasion of promyelocytic

cells in the organotypic model, and the effect of RA on the extravasation process.

HE staining of the collagen lattice.
Leukemia cells from an AML patient
(monocytic type) were allowed to invade
for 24 hours in an organotypic culture.
Bold arrows indicate endothelial cell layer
and thin arrows invaded leukemia cells.
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First, we treated promyelocytic NB4 cells, which carry the same translocation as seen in vivo

in APL cells, for 48 hours with RA. At the same time as the differentiation was induced,

promyelocytic cells began to attach and invade through the endothelial cells. Without RA

treatment, no extravasation of cells was evident. We also obtained promyelocytic leukemia cells

ex vivo from an APL patient in relapse. Notably, these cells also invaded rapidly after RA

treatment, and no extravasation was seen without the treatment.

We then studied cell-surface expression of adhesion molecules by FACS analysis before and

after RA treatment. Only ICAM-3 was detectable on the surface of control-treated cells.

However, after 48 hours of RA treatment, ICAM-1, CD11c, and CD18 were also strongly

expressed; CD11a and ICAM-2 were not induced. Since these molecules were induced by RA

treatment, we studied on the extravasation the effect of antibodies against these adhesion

molecules. ICAM-1 antibodies were, in fact, also able to inhibit the extravasation of RA-treated

NB4 cells (13±2% of cells invaded compared to the case for cells treated with control

antibodies). Antibodies against other adhesion molecules (CD11a, CD18, ICAM-2, and ICAM-

3) showed no significant effect. Similarly, purified sICAM-1 protein alone showed no effect on

extravasation, but when it was preincubated with ICAM-1 antibodies, sICAM-1 protein inhibited

the effect of the antibodies.

Elevated levels of sICAMs in leukemia patients' plasma samples at diagnosis: divergent

effects of chemotherapy on sICAM-1 vs. sICAM-2

We also examined the presence of soluble adhesion molecules (sICAM-1 and sICAM-2) in

plasma samples of acute leukemia patients at diagnosis and their possible correlation with the

clinical characteristics of the disease. Both sICAM-1 and sICAM-2 levels were increased in

acute leukemia patients. In AML patients (n=45), sICAM-1 levels were 327±21 ng/ml and in

ALL patients (n=25), 372±54 ng/ml, compared to 148±14 ng/ml in healthy controls. Plasma

sICAM-2 levels were significantly higher in ALL patients (625±110 IU/ml) than in AML

patients (297±42 IU/ml) or healthy individuals (171±12 IU/ml). No correlation between

sICAM-1 levels and WBC or tumor-cell count appeared in ALL patients (r=-0.03 and r=-0.04),

and also in AML patients the correlations were weak (r=0.45 and r=0.40). Similarly, sICAM-2

levels in AML and ALL patients correlated only weakly with the WBC count (r=0.45 and

r=0.47, respectively). Furthermore, no correlation existed between FAB classes and sICAM

levels (Fig. 9). To study the possible association between sICAM levels and therapy response,

AML patients were divided into two groups according to their responses to chemotherapy.

Neither mean sICAM-1 nor sICAM-2 levels differed between the well-responding group

(sICAM-1 303 ng/ml, sICAM-2 155 IU/ml) and poorly-responding group (316 ng/ml and 150

IU/ml, respectively). In ALL, most of the patients achieved complete remission with one to two

cycles of chemotherapy, but their levels, however, varied considerably.
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Follow-up samples were collected at 5, 14, and 28 days after start of chemotherapy to

examine the effect of treatment on sICAM levels. Only sICAM-2 levels fell to the normal

plasma levels within 2 weeks, simultaneously with the disappearance of tumor cells from

circulation. sICAM-1 levels remained elevated during one month of chemotherapy, although at

that time-point, tumor cells were no longer  detected in the circulation.

Soluble and cellular uPAR and uPA in acute leukemia patients at diagnosis:

implications for diagnosis and prognosis (III)

The expression of uPA and uPAR and their correlation with prognosis have been examined

in a large variety of adherent tumors (Andreasen et al., 2000), but in leukemia these are less well

characterized. In addition, in recent years a soluble form of uPAR (suPAR) was discovered in

human body fluids, and preliminary studies in breast and colon cancer have suggested that

suPAR may serve as a marker for prognosis and tumor recurrence in cancer patients (Stephens

et al., 1997). We therefore characterized the levels of uPA and uPAR in the plasma and on the

cell surface of patients with acute leukemia to examine whether any correlation existed between

components of the plasminogen activation system and/or prognosis of leukemia.

A total of 110 blood samples from 80 adult patients with hematological disorders were taken

at the time of diagnosis (before any cytoreductive therapy). In addition, blood samples from 21

healthy volunteers were analyzed. Acute leukemia was diagnosed in 53 of these 80 patients: 36

patients had AML, 13 ALL, and 4 a hybrid phenotype (Table 2). The other 27 hematological

disorders included lymphoma, multiple myeloma, aplastic anemia, heavy-chain disease,

idiopathic thrombocytopenia, myelodysplastic syndrome, reactive pancytopenia, hairy-cell

leukemia, and chronic myeloid leukemia (CML).
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Fig. 9. sICAM-1 in plasma in AML patients

In plasma samples collected from
AML patients at diagnosis, sICAM-
1 levels were measured with ICAM-1
ELISA. Patients  divided into groups
according to FAB classes (M0-M5;
NC, not classified).
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EDTA plasma was collected and mononuclear cells were separated by Ficoll-Hypaque

centrifugation. Cell surface antigens for uPA and uPAR were assayed with FACS analysis.

From plasma, tPA and uPA activity and uPA and uPAR antigens were measured with ELISAs.

uPA and uPAR expressed on the blast cell surface of AML patients

In healthy controls, expression of uPA and uPAR was restricted to monocytes, and

lymphocytes lacked any detectable amounts of these on their surfaces. We found in 28 of 29

patients with AML uPAR on their leukemic cell surfaces, whereas most patients with ALL were

negative for uPAR (7/9) (see Table 2 and Fig. 10). In addition, two of three patients with a

hybrid phenotype had uPAR on the cell surface. In AML patients, uPAR was expressed in all

FAB subtypes, with the highest expression in subclasses M3, M4, and M5. The expression

pattern of uPA resembled the pattern seen with uPAR: it was expressed by myeloid blasts and

not by lymphoid blasts. However, usually a smaller percentage of cells was uPA- than uPAR-

positive.

We also studied with immunohistochemistry the uPAR expression in bone marrow biopsies

of acute leukemia patients and of healthy individuals and found that uPAR is abundantly

expressed in myeloid blasts in the bone marrow. In healthy individuals, uPAR expression was

restricted to granulocytes, monocytes, and megakaryocytes; lymphoid and erythroid precursors

stained negative for uPAR.

Fig. 10. uPA and uPAR on
leukemia cell surfaces. uPA
and uPAR characterized by
FACS analysis on the blast cell
surfaces of patients with acute
leukemias. Dark curves show
staining with uPAR and uPA
antibodies, and white curves with
control antibodies.

uPAR
AML

uPA
AML

ALL ALL

Hybrid Hybrid



50 Results
                                                                                                                                                                 

Table 2A. uPAR and uPA in plasma samples and on the blast cell surfaces of patients
with AML

Plasma Cell surface

Pt. No. FAB
type

Age WBC 109/L/
Blasts (%) of WBC

suPAR
(ng/ml)

uPA
(ng/ml)

uPA
(IU/ml)

uPAR-
positive
cells of

blast cells
(%)

uPA-
positive
cells of

blast cells
(%)

Response to
therapy/
comments

1 secondary 66 3.5 / 74 2.37 0.50 0.162 27 ND RD (2)*
2 M2 50 2.9 / 2 3.01 0.75 0.216 ND ND RD (3)
3 M3 41 108.7 / 95 2.54 0.55 0.116 82 31 CR (1)
4 M4 16 3.2 / 25 1.24 0.65 0.104 94 63 CR (1)
5 M2 47 32.0 / 67 1.63 0.42 0.079 89 31 CR (1)
6 M3 70 6.7 / 92 r 0.53 0.094 98 25 CR (1)
7 M1 71 112.1 / 95 5.75 0.95 0.115 40 6 RD (3)
8 M2 32 13.2 / 74 0.73 0.50 0.151 73 39 CR (1)
9 secondary 58 10.2 / 63 2.94 0.32 0.080 14 1 RD (1)
10 M3 72 1.1 / 0 2.39 0.41 0.113 ND ND CR (1)
11 secondary 52 3.3 / 0 1.16 0.17 0.050 ND ND     RD (2)
12 M4 72 95.4 / 72 5.83 1.06 0.147 93 63 RD (3)
13 M2 59 0.6 / 0 0.81 0.31 0.051 ND ND CR (1)
14 M5 49  21.0 / 60 2.28 0.43 0.111 97 28 CR (2)
15 M1 86 170.0 / 98 11.28 2.37 0.516 0 4 died, no therapy
16 M2 19 36.0 / 86 0.99 0.36 0.083 31 ND RD (4)
17 NC 24 19.4 / 88 1.39 0.28 0.087 90 6 CR (1)
18 M2 72 4.2 / 20 r 0.62 0.109 38 5 CR (1)
19 M4 58 2.0 / 15 1.67 0.34 0.055 ND ND CR (1)
20 secondary 67 5.4 / 5 1.39 0.11 0.062 24 17 RD (3)
21 M2 73 5.6 / 34 1.21 0.09 0.065 17 16 CR (1)
22 M2 50 9.0 / 52 1.88 0.31 0.071 97 3 CR (1)
23 M0 56 25.0 / 30 5.84 1.12 0.208 62 7 RD (4)
24 M1 75 173.0 / 100 3.67 0.89 0.173 96 63 CR (1), relapse in 5

months

25 NC 64 1.9 / 10 0.68 0.32 0.065 56 26 CR (2)
26 M4 53 86.0 / 20 5.06 0.90 0.104 32 12 RD (1)
27 M2 60 1.7 / 0 r 0.28 0.056 ND ND CR (1)
28 M2 78 16.9 / 83 r 0.44 0.065 88 79 lost to follow-up
29 M2 58 0.5 / 0 1.58 0.39 0.075 ND ND CR (1)
30 M2 72 11.7 / 72 2.74 0.34 0.065 92 7 CR (1)
31 M5 52 76.0 / 86 6.04 0.37 0.077 96 96 CR (1), BMT after the second

cycle of chemotherapy

32 M0 78 9.5 / 63 2.63 0.48 0.087 93 87 RD (1)
33 M2 72 4.8 / 32 1.70 0.33 0.053 35 6 died, no therapy
34 M5 42 22.3 / 87 0.88 0.36 0.036 71 80 CR (1)
35 M4 41 88.4 / 96 8.80 1.11 0.028 92 85 CR (1), BMT after the second

cycle of chemotherapy

36 M1 62 2.9 / 37 1.33 0.42 0.043 72 4 CR (1)

Mean AML 57 33.0 / 51 2.92 0.55 0.105 65 33

Median 59 9.9 / 62 2.08 0.42 0.082 73 25

Range 16-86 0.5-173 / 0-100 0.68-
11.28

0.09-
2.37

0.028-
0.516

0-98 1-96
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Table 2B. uPAR and uPA in plasma samples and on the blast cell surfaces of patients
with ALL and hybrid leukemia

Plasma Cell surface

Pt. No. Immuno-
phenotype

Age WBC 109/L/
Blasts (%) of WBC

suPAR
ng/ml

uPA
(ng/ml)

uPA
(IU/ml)

uPAR-
positive
cells of

blast cells
(%)

uPA-
positive
cells of

blast cells
(%)

Response to
therapy/
comments

1 cALL 33 25.2 / 83 3.49 0.75 0.172 3 3 CR (1)*
2 cALL 74 4.9 / 40 r 0.42 0.082 2 2 lost to follow-up
3 cALL 48 4.4 / 18 1.48 0.51 0.092 4 6 CR (1)
4 cALL 29 40.7 / 84 2.26 0.74 0.152 3 4 CR (1)
5 cALL 27 23.6 / 45 2.66 0.72 0.171 20 12 CR (2)
6 cALL 79 1.2 / 0 1.25 0.33 0.091 ND ND CR (1)
7 cALL 61 17.0 / 24 1.55 0.47 0.100 2 1 CR (1)
8 cALL 53 9.3 / 40 1.68 0.25 0.098 3 2 CR (1)
9 T-ALL 40 4.9 / 0 0.79 0.25 0.049 ND ND CR (1)
10 cALL 62 12.8 / 53 3.52 1.27 0.212 ND ND RD (2)
11 cALL 23 1.2 / 0 0.80 0.30 0.052 ND ND CR (2)
12 cALL 67 21.4 / 90 3.14 1.37 0.287 2 3 CR (1)
13 cALL 17 2.1/ 25 2.72 0.70 0.063 10 2 CR (2)

Mean ALL 47 13.0 / 39 2.11 0.62 0.125 5 4

Median 48 9.3 / 40 1.97 0.51 0.098 3 3

Range 17-79 1.2-40.7 /0-90 0.79
-3.52

0.25
-1.37

0.049
-0.287

2-20 1-12

1 hybrid 21 33.3 / 87 47.43 5.63 1.230 87 54 CR (2), bleeding
2 hybrid 29 127.0 / 82 1.56 1.22 0.377 31 4 RD (3), bleeding
3 hybrid 39 12.6 / 42 3.84 0.66 0.216 3 1 RD (2)
4 hybrid 47 2.8 / 0 11.79 2.00 0.287 ND ND CR (1)

Range 21-47 2.8-127-0/0-87 1.56
-47.43

0.66
-5.63

0.216
-1.230

3-87 1-54

Table 2 A, B, and C. uPA and uPAR in plasma and on cell surfaces in patients and healthy controls.
Plasma samples were tested for uPAR and uPA antigens and for uPA activity; results given as ng/ml for antigen
assays and IU/ml for activity assay. Values are means from three separate experiments. Cell-surface uPAR and
uPA were analyzed with FACS; results given as a percentage of positive blast cells. WBC, white blood cells;
*CR (1), (2), complete remission with one/two cycle(s) of chemotherapy; RD (1), (2), (3), residual disease after
one/two/three cycles of chemotherapy; ND, not defined; NC, not classifiable; r, reactive (see Materials and
Methods, page 41); cALL, common ALL; T-ALL, T-cell ALL; BMT, bone-marrow transplantation; ITP,
idiopathic thrombocytopenia; SLE, systemic lupus erythematosus; MDS, myelodysplastic syndrome; CML,
chronic myeloid leukemia.
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Table 2C. uPAR and uPA in plasma samples of patients with
other hematological disorders and controls

Plasma

Pt. No. Diagnosis Age WBC
109/L

suPAR
(ng/ml)

uPA
(ng/ml)

uPA
(IU/ml)

1 Low-grade B-cell disorder 34 64.9 1.40 ND 0.150
2 Heavy-chain disease 55 3.1 1.46 0.62 0.182
3 Aplastic anemia 33 2.0 0.70 0.37 0.116
4 CML, at diagnosis 59 90.6 4.62 1.16 0.272
5 CML, during IFN treatment 25 3.0 1.51 12.05 0.080
6 CML, during IFN treatment 38 4.0 1.83 1.74 0.168
7 Myeloma 50 2.1 1.45 0.48 0.110
8 Pancytopenia (drug-induced) 51 0.7 1.89 0.16 0.043
9 Aplastic anemia 26 1.5 0.52 0.32 0.080
10 Pancytopenia (due to SLE) 55 1.0 1.87 0.25 0.074
11 Aplastic anemia 26 1.9 0.55 0.27 0.065
12 ITP, SLE, thrombi 17 1.8 5.45 0.42 0.116
13 MDS 53 19.7 2.62 0.37 0.123
14 ITP 26 1.0 1.16 0.14 0.069
15 Cytopenia (due to infection) 22 7.7 2.81 0.60 0.110
16 MDS 33 2.3 1.03 0.28 0.079
17 Cytopenia (due to infection) 51 3.2 r 0.37 0.083
18 Hairy-cell leukemia 53 2.5 0.64 0.41 0.070
19 Monocytosis NUD 63 15.8 1.04 0.15 0.038
20 MDS 27 2.1 0.17 0.30 0.054
21 MDS (later, AML) 68 1.8 3.05 0.56 0.073
22 CML 61 60.2 2.58 0.43 0.085
23 Hairy cell leukemia 34 30.0 1.35 0.34 0.064
24 Myelofibrosis 31 9.7 1.37 0.20 0.042
25 Follicular lymphoma 57 24.9 0.84 1.22 0.057
26 Cytopenia NUD (later, ALL) 63 0.3 2.08 0.60 0.056
27 Cytopenia (drug-induced) 74 1.1 0.71 0.46 0.039

Range 17-74 0.3-
90.6

0.17-
5.45

0.14-
12.05

 0.038-
0.272

1-21 Healthy controls

Mean Control 39 1.14 0.32 0.096
Median 39 1.11 0.32 0.094

Range 24-61 0.79-
1.72

0.14-
0.60

 0.070-
0.153

Increased plasma suPAR levels in AML patients: correlation with prognosis

Patients with AML and ALL had significantly higher levels of suPAR in their plasma than

did healthy controls (2.92±0.44 ng/ml in AML, p<0.005; 2.11±0.29 ng/ml in ALL, p<0.005 vs.

1.14±0.06 ng/ml in healthy individuals). The highest plasma suPAR value, 47.4 ng/ml, was for a

patient with a hybrid phenotype. Blast cells of that patient also expressed uPAR. Values for
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suPAR showed no correlation with serum C-reactive protein levels, D-dimer values, or WBC

count.

Of 32 AML patients, 10 had high plasma suPAR levels (>2.9 ng/ml, mean level in AML

patients), 8 of these 10 patients actually failed to respond to chemotherapy or relapsed within a

short time (5 months after start of therapy) (see Fig. 11). Furthermore, in only 2 of 18 well-

responding patients was the plasma suPAR level above the mean. These two patients (31 and 35

in Table 2A) had the myelomonocytic type of AML and were treated with bone-marrow

transplantation after two cycles of chemotherapy. At that time, they had an excess of blast cells

and monocytes in their bone marrow, but these cells were regarded as reactive. In contrast, a low

level of suPAR did not predict a rapid response to chemotherapy, as after several cycles of

chemotherapy six patients had normal levels of suPAR in their plasma and residual disease in

the bone marrow.

Increased levels of uPA antigen in plasma samples of leukemia patients

In addition to plasma suPAR levels, plasma uPA levels were also significantly increased in

acute leukemia patients (0.62±0.10 ng/ml in ALL, 0.55±0.07 ng/ml in AML vs. 0.32±0.02

ng/ml in healthy individuals). Most patients with high plasma uPA levels also had high plasma

suPAR levels. uPA activity was generally quite low in plasma samples from healthy individuals

and from leukemia patients, but two patients with hybrid leukemia and one AML patient showed

markedly higher plasma uPA activity (Fig. 12). Both these hybrid leukemia patients suffered

symptomatic retinal bleeding with loss of visual field at the beginning of therapy. An AML

patient with high uPA activity died on the third day after diagnosis, and bleeding diathesis could

not be evaluated properly.

Fig. 11. Plasma suPAR in
AML patients at diagnosis.
Each patient is marked with a
triangle, and the Y-axis shows
suPAR values measured with
ELISA. RD, resistant disease; CR,
complete remission; BMT, bone
marrow transplantation. Patient
numbers are presented in Table 2A.
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Tumor-cell production of uPAR and uPAR fragments in acute leukemia patients

during chemotherapy (IV)

Although suPAR levels have been shown to be elevated in a variety of solid tumors, no

longitudinal studies have addressed the behavior of suPAR during chemotherapy treatment. In

addition, the source of excess suPAR in cancer patients has not been discovered. As we have

observed that in leukemia patients, and especially in AML patients, suPAR levels were elevated at

the time of diagnosis, we continued our project in acute leukemia and studied uPAR in plasma,

urine, and in tumor cells in acute leukemia patients during chemotherapy and also in healthy

individuals.

Follow-up samples (blood and urine) were collected from patients with acute leukemia

(n=35) at 5, 14, 28, and 56 days after start of chemotherapy (total samples=151). Of 35 patients,

25 had AML, 8 had ALL, and 2 were diagnosed with hybrid leukemia. Samples from 40 healthy

individuals served as controls. From the EDTA blood samples, plasma and mononuclear cells

were separated and lysates made. In addition, bone-marrow aspirates were collected from 15

patients with acute leukemia, from 6 patients with other hematological disorders, and from 5

healthy bone-marrow donors. uPAR and uPAR fragments were analyzed with ELISA and

immunoprecipitation followed by immunoblotting.

Correlations between suPAR levels and tumor-cell count in the circulation

Plasma suPAR levels were elevated in acute leukemia patients at diagnosis (2.42±0.41 ng/ml

compared to 0.82±0.04 ng/ml in healthy controls). When suPAR levels were compared to the

tumor-cell count, a significant correlation appeared (Rho=0.59, p=0.002). Especially in AML

patients, the correlation was stronger (Rho=0.69), since tumor-cell lysates of AML patients

AML     ALL    Hybrid   Control

uPA
activity
(IU/ml)

Retinal
bleeding
(patient 1)

Retinal
bleeding
(patient 2)

Died
(patient 15)

0

0.5

1.5

1.0

Fig. 12. uPA activity in
plasma samples of acute
leukemia patients at
diagnosis. Each dot marks
an individual patient, and the
y-axis shows uPA activity
values measured with ELISA.
Patient numbers are presented
in Table 2.
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contained uPAR, but ALL patients' tumor cells contained only a little or no uPAR. Furthermore,

plasma suPAR levels correlated highly with the content of uPAR in tumor cell lysates

(Rho=0.86, p=0.0004). These data strongly suggest that the excess plasma suPAR is produced

by tumor cells. To confirm that high plasma suPAR levels are not only due to the high WBC

count in acute leukemia patients, we studied chronic-phase CML patients who had extremely

high WBC counts (mean 138x109 cells/L, range 82-225x109 cells/L) and found that their

suPAR levels were still low (mean 1.07 ng/ml, range 0.65-1.49 ng/ml) with no correlation

between high WBC count and plasma suPAR level. We concluded therefore that the abundant

release of uPAR from the cell surface to the plasma is a special characteristic of malignant tumor

cells.

Rapid decrease in suPAR levels during chemotherapy

In AML patients, suPAR levels decreased to the normal plasma suPAR level within 2 weeks

of chemotherapy, at the same time as tumor cells disappeared from the circulation. That this

decrease in plasma suPAR levels correlated highly with the decrease in tumor cells in the

circulation in 2 weeks strengthens the notion that the excess plasma suPAR is derived from

tumor cells. In addition, in AML patients plasma suPAR levels at diagnosis correlated

significantly with the decrease in suPAR levels after 2 (r=0.94) and 4 weeks (r=0.95) of

treatment (Fig. 13). Patients with normal plasma suPAR levels and no tumor cells in circulation

at diagnosis showed no marked changes in suPAR levels during chemotherapy (see also Table

3).
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Fig. 13. suPAR at
diagnosis vs. decrease in
suPAR level during
chemotherapy. Plasma
suPAR levels were measured in
AML patients’ plasma samples
at diagnosis and during
chemotherapy. The graph shows
the correlation between suPAR
values at diagnosis and a
decrease in suPAR values in 2
or 4 weeks. Correlation
coefficients, analyzed by
Pearson correlation test, were
r=0.92 and r=0.95, respectively,
p<0.001.
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Urinary suPAR levels closely followed plasma suPAR levels at diagnosis and during

chemotherapy. The only exception was seen in urinary samples taken 5 days after the start of

chemotherapy. Those samples showed a peak in urinary suPAR, a type of peak not observed in

blood samples. Because the increase in urinary suPAR levels 5 days after start of chemotherapy

correlated with the decrease in tumor-cell count at the same time, the urinary suPAR peak may

be a reflection of massive tumor cell death in the body and of accumulation of suPAR in the

urine (see Table 3).

Expression patterns of uPAR fragments in leukemia patients and in healthy controls

Since proteolytic cleavage of uPAR induces a potent chemotactic response in vitro, it was of

interest to study whether these fragments exist in vivo in blood and urine samples of leukemia

patients. In leukemia cells of AML patients, both full-length receptor and a fragment

corresponding to domains D2+D3 existed. In contrast, mononuclear cells of healthy controls

contained only the full-length receptor, and cell lysates of ALL patients usually had no uPAR.

The same phenomenon was observed in peripheral blood plasma samples and in plasma samples

of bone marrow aspirates. In AML patients, fragmented uPAR was more visible in plasma

samples of bone marrow aspirates than in samples of peripheral blood. This may have been due

to the higher local concentration of tumor cells in the bone marrow. In bone marrow aspirates of

healthy controls or of patients with chronic leukemia, only full-length uPAR appeared. When we

analyzed plasma samples of bone marrow aspirates with zymography, we noticed that the

samples with higher amounts of fragmented receptor had more active uPA than did samples

containing only full-length receptor (Fig. 14).

A B C         D

uPA  tPA  __    A    _   __    B__       __    C    _   _    D   _

The first two lanes show lysis bands from uPA
and tPA standards; lanes A, samples from
healthy controls; B, samples from AML
patients with cleaved uPAR in bone-marrow
aspirates; C, AML patients with only full-
length receptor in the bone marrow; and lane D,
CML patient with no cleaved receptor in the
marrow.

Fig. 14. Zymogram of plasma samples from bone-marrow aspirates
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Table 3.     Summary of AML patient data

Code FAB
type

Treated
with

chemo-
therapy

Age Circ.
blast cells

at dg

(109/L)

uPAR
(ng/mg)
in cell
lysates

suPAR in plasma (ng/ml)
at day

  0     5      14    28    56

suPAR in urine (ng/mg)
at day

  0      5     14    28    56

A1 M4 Yes 65 39 1.20 10.5 7.1 1.5 1.2 † 23.1 29.6 16.3 8.1 †

A2 M2 Yes 67 14 - 1.0 1.1 0.8 0.7 0.6 2.9 4.4 1.4 2.3 2.2

A3 M2 Yes 66 61 0.45 2.6 2.3 1.2 0.9 0.8 5.4 10.7 2.6 1.6 1.7

A4 M4 Yes 36 17 0.30 3.5 3.5 4.4 3.6 1.2 9.7 10.0 16.0 9.1 4.7

A5 NC No 74 26 0.40 3.2 4.9 † - - 19.8 20.3 † - -

A6 M0 Yes 65 0 0.20 1.0 0.9 † - - 1.8 2.1 † - -

A7 M2 Yes 66 0.4 0.20 R R R R - 1.8 5.2 13.6 4.9 -

A8   NC Yes 42 5 ND 0.8 0.8 0.8 0.9 - 2.7 5.3 3.1 6.7 -

A9 M2 Yes 51 84 0.30 1.7 1.2 0.7 0.6 1.0 7.7 - 2.2 1.3 2.8

A10 M1 No 63 58 0.20 1.6 † - - - 7.6 † - - -

A11 M2 Yes 51 16 0.25 1.7 1.7 1.2 1.1 1.1 4.0 13.6 1.7 1.2 9.8

A12 M7 Yes 61 1 0.15 R R R R R 1.9 2.0 4.5 3.8 4.3

A13 M2 Yes 66 9 - 1.9 - 1.2 † - - - 18.7 † -

A14 M4 Yes 46 82 0.25 2.3 1.3 0.9 1.0 0.4 - 2.5 10.6 12.3 3.3

A15 M2 Yes 23 34 0.08 1.5 1.6 0.7 1.0 0.5 2.5 8.8 3.2 2.4 0.9

A16 M0 Yes 39 0 0.20 1.3 1.2 2.2 1.2 1.3 1.6 1.2 4.4 8.9 6.1

A17 M2 Yes 66 62 0.30 3.1 3.3 1.4 0.9 0.7 6.8 13.8 8.5 2.0 2.1

A18 M1 Yes 34 10 0.20 0.9 0.8 0.5 1.9 0.9 2.9 2.6 3.8 6.6 1.9

A19 M2 Yes 51 4 ND 0.7 0.5 0.9 0.9 0.6 2.4 1.1 1.8 1.6 1.3

A20 M2 Yes 78 118 0.35 2.4 1.4 0.8 0.6 0.8 3.2 3.5 2.3 2.0 2.3

A21 M2 Yes 71 74 0.50 4.5 2.5 1.0 1.6 † 3.3 3.1 2.0 4.1 †

A22 M4 Yes 61 49 0.90 3.9 2.1 1.3 0.7 0.5 4.4 2.7 1.6 1.8 1.8

A23 M5 Yes 68 67 1.45 7.9 3.5 1.2 † - 6.7 7.8 4.6 † -

A24 M2 Yes 53 1 0.20 0.8 0.5 0.6 1.4 - 4.2 2.5 0.9 4.4 -

A25 M2 Yes 48 3 - 0.4 0.3 0.4 0.6 - 0.5 0.6 0.8 1.7 -

Mean 56 33 0.37 2.6 1.9 1.2 1.2 0.8 4.7 6.7 4.8 3.9 3.2

uPAR levels were measured with ELISA, with their values at days 0, 5, 14, 28, and 56 after start of
chemotherapy. Urinary suPAR values were normalized with the amount of creatinine in urine samples. In
monocytic leukemias, abnormal monocytes were included in blast cell counts. ND: not detectable, NC: not
classified, R: reactive (see Methods, page 41), dg: diagnosis, circ.: circulating, †: died.
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Healthy individuals had both full-length uPAR and domains D2+D3 in their urine, but D1

was not usually observed. In contrast, AML patients with a high tumor-cell count had, at

diagnosis, large amounts of D1 in their urine. In the follow-up samples, the amount of D1

decreased, and the uPAR fragment pattern started to resemble the pattern seen in healthy

controls. In ALL patients, the fragment pattern at diagnosis and during chemotherapy did not

undergo any considerable change and was similar to that of healthy individuals. This all gave

further evidence that in AML patients, plasma and urinary suPAR are released from tumor cells.

Furthermore, because uPAR fragments were observed in vivo in patient samples, and as the

fragment pattern in leukemia differed considerably from that seen in healthy controls, it is

possible that these fragments may play a role in the pathophysiology of acute leukemia.

Release of soluble uPAR (suPAR) by endothelial cells and peripheral blood

mononuclear cells: effect of cell interactions on suPAR release (V)

Although our studies in leukemia showed that the excess plasma suPAR must be produced

by tumor cells, the cause for the low level of plasma suPAR in healthy individuals was still

unclear. Therefore, our aim was to study the cellular source of suPAR in plasma samples of

healthy individuals and factors influencing its release.

A variety of cell types in our body such as endothelial cells, fibroblasts, keratinocytes, smooth

muscle cells, and monocytes express uPAR. Because blood is in close contact with endothelial

cells and with various blood cells, we first chose to study the release of uPAR by these cells. We

cultured endothelial cells and peripheral blood mononuclear cells under physiological conditions

and measured suPAR in the growth medium, as well as uPAR in the cells with

immunoprecipitation, immunoblotting, immunofluorescence staining, and ELISA.

Production of suPAR by mononuclear blood cells and endothelial cells

We incubated citrated or heparinized blood from healthy individuals on a rotator at 4°C or at

37°C to find whether blood cells can release suPAR into the plasma. No increase in plasma

suPAR was observed in blood incubated at 4°C during 3 days of incubation. In contrast, in

blood incubated at 37°C, we observed a significant increase in plasma suPAR level after only

one day (0.71±0.12 ng/ml at the beginning vs. 1.32±0.21 ng/ml after one day at 37°C). Plasma

levels increased further and were 1.93±0.19 ng/ml after 3 days of incubation (Fig. 15).

Because these experiments showed that blood cells can release suPAR, we decided to analyze

more closely the release of suPAR by mononuclear leukocytes under in vitro conditions. When

purified blood mononuclear cells were cultured under physiological conditions without

stimulation, they secreted a small amount of suPAR into their culture media (0.13 ng/106 cells in
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24 hours); endothelial cells were able to release suPAR under culture conditions (0.48 ng/106

cells in 24 hours). In contrast, similarly cultured or PMA-stimulated thrombocytes were unable

to release any suPAR into the culture medium, nor was any suPAR found in thrombocyte

lysates.

Enhanced suPAR release by endothelial cells in co-culture with mononuclear cells or with

thrombocytes: cell-cell contact required

Because in the normal circulation, blood cells and endothelial cells are simultaneously present,

we examined the release of suPAR when these cells are cultured together. Unexpectedly, we

noticed that enhanced amounts of suPAR appeared in the culture media when either blood

mononuclear cells or thrombocytes were cultured together with endothelial cells. To study

whether cell-cell contact was required for enhanced suPAR release, we then co-cultured cells in

Transwell chambers. These experiments showed that soluble molecules in shared growth

medium were not sufficient to enhance suPAR release. In the co-culture media without cell-cell

contact, suPAR levels did not differ from the combined values of separately growing cells.

However, when cells were allowed to adhere to each other, enhanced release of suPAR appeared

again.

In thrombocyte-endothelial cell co-cultures, it was most likely that endothelial cells were

responsible for the enhanced suPAR release, because thrombocytes failed to produce any

suPAR. However, in mononuclear-endothelial cell co-cultures this was unclear, because both cell

types were able to release suPAR. We therefore studied uPAR in cell lysates and on cell

surfaces. In the endothelial cell lysates, after co-culturing the cells with mononuclear cells we

found higher amounts of uPAR than in the situation of endothelial cells cultured alone.
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Fig. 15. Production of
suPAR by blood cells.
Citrated or heparinized blood was
obtained from  healthy
individuals,  and plasma was
separated after 0 to 3 days of
incubation on a rotator at 4°C or
at 37°C. suPAR levels measured
with uPAR ELISA and the
mean±SE values are shown.
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Furthermore, with immunofluorescence staining, we observed that the intensity of uPAR

staining was markedly elevated in endothelial cells co-cultured with mononuclear cells, which

suggested that endothelial cells are responsible for enhanced suPAR release.

We next studied the presence of uPAR fragments from the culture media and cell lysates by

immunoprecipitation and immunoblotting. In the endothelial cell lysates, both full-length uPAR

and the D2D3 fragment existed, and noticeably, cells grown in co-cultures showed more

fragmented uPAR. Furthermore, in the co-culture growth media samples, we found all forms of

uPAR: full-length receptor and fragments D2D3 and D1. Fragment D1 has thus far been

detected only in the culture media of PMA-stimulated U937 cells and in the urine samples.

Although these results warrant consideration of the role of suPAR release in cell adhesion,

further studies are still needed to resolve the mechanical factors behind this phenomenon.
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DISCUSSION

Over the last 20 years acute leukemias have been classified according to the FAB

classification, which is based on morphological and cytochemical features. However, in recent

years, knowledge in cytogenetics has markedly increased, and also much more is known of its

significance for the outcome of the disease. Furthermore, other important features have been

recognized regarding the clinical behavior of the leukemia. Based on all this, a new WHO

classification of neoplastic diseases of the hematopoietic and lymphoid tissues was recently

launched (Harris et al., 1999). It tries to integrate genetic and clinical features with the

morphology, cytochemistry, and immunophenotype of the neoplastic cells, and in that manner, to

define disease entities which have clinical relevance. In the future, leukemias may be even more

strictly divided into subclasses according to the biological features of their malignant cells. This

could assist in planning individual modes of therapy for individual patients. It is therefore of

great importance to search for biological factors which influence disease progression. In this

work, we have tried to evaluate various components related to the pathophysiology, clinical

characteristics, and severity of the disease.

Impact of plasminogen activation in leukemia

Production of plasminogen activators by adherent tumor cells is closely related to the

migration and invasive properties of malignant cells. The importance of proteolysis is less clear

in hematopoietic malignancies than in solid tumors. Earlier studies have shown pronounced

differences in uPA-catalyzed plasminogen activation between leukemia cells and adherent cells

derived from tumors of non-hematopoietic origin (Stephens et al., 1988; Tapiovaara et al., 1991;

Stephens et al., 1992). PAs were highly expressed by cultured leukemia cells, and in contrast to

adherent tumor cells, leukemia cells had an enhanced capacity to activate pro-uPA, and mainly

the active form of uPA was released into the culture medium, indicating the proteolytic activity of

leukemia cells. In addition to these in vitro studies, only a few earlier studies have examined the

plasminogen activation system in ex vivo samples from leukemia patients (Wilson et al., 1983;

Tapiovaara et al., 1993; Plesner et al., 1994b). Furthermore, new components of the plasminogen

activation system, such as suPAR, have been discovered, and their presence and possible roles in

leukemia had not been analyzed. Therefore, we chose to study these aspects of the plasminogen

activation system in leukemia both in in vitro models and in ex vivo samples from leukemia

patients.
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Plasminogen activation system and hemostasis

Leukemia patients have an increased bleeding tendency. Much of this bleeding is due to the

thrombocytopenia caused by disruption of normal precursor cell differentiation in their bone

marrow. However, this bleeding tendency is not always attributable to thrombocytopenia. In

normal hemostasis, a fibrin clot is formed at the site of a tissue injury. When the clot is no

longer necessary, activation of plasminogen occurs, and plasmin starts to degrade the clot. In

hemostatic disorders, plasminogen can be unnecessarily activated, and plasmin as a wide-

spectrum protease can degrade almost any plasma protein. In addition, if the plasmin inhibitors

are not working properly, uncontrolled fibrinolysis will occur with a fatal outcome. This kind of

situation has been described in APL patients with DIC syndrome. Plasma samples of these

patients have been shown to contain reduced levels of α 2-antiplasmin and PAI-1 and increased

levels of plasmin-α 2-antiplasmin complexes (Sakata et al., 1991; Fukao et al., 1992; Dombret et

al., 1993; Dombret et al., 1995). Therefore, it has been suggested that the actual problem in DIC

is excessive fibrinolysis rather than excessive coagulation. In our in vitro model for acute

promyelocytic leukemia, we found that on the APL cell surface plasminogen can be activated

and plasmin can be formed. These results suggest that because plasmin has a potent protease

activity, it can interfere with the normal fibrinolytic balance and be a part of a cascade leading to

the excessive bleeding problems encountered in APL patients. Furthermore, we noticed that

plasmin formation is transiently induced by RA treatment, but that the overall effect of RA

treatment on plasmin formation is suppressive. This fits in well with the clinical observation that

in APL patients, RA treatment diminishes bleeding tendency. Our results on plasmin formation

in APL were obtained by use of the promyelocytic NB4 cell line, and we have not studied the

effect of RA on plasmin formation in APL cells ex vivo from patients. However, we have been

able to examine promyelocytic cells from some APL patients with FACS analysis, showing that

cells ex vivo from APL patients have both uPAR and uPA on the cell surface in increased

amounts. Recently, Menell et al. (1999) have also shown that the expression of annexin II, a

proposed receptor for tPA, is higher on the cell surface in APL patients than in other acute

leukemia patients and that after RA treatment, its expression decreases.

Our patient material included three patients with markedly high uPA activity in their plasma.

All these three also had high uPA antigen levels. Notably, although receiving prophylactic

platelet transfusions, during the first weeks of treatment two of these three patients with high

uPA activity exhibited symptomatic retinal bleeding with loss of visual field. The third patient

with high plasma uPA activity died on the third day after the start of therapy, and bleeding

diathesis could not be evaluated properly. Although this bleeding diathesis episode with high

plasma uPA activity may have been coincidental, it is noteworthy that in the other 53 patients no

clinical bleeding was observed, and although some of these patients had increased plasma uPA

protein levels, they still had normal uPA activity levels, indicating that their production of uPA
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was controlled by complex-formation with inhibitors. However, more patient data are needed to

clarify the real connection between bleeding diathesis and uPA activity, and the possible value of

uPA in therapeutic approaches.

Cell surface uPA and uPAR: diagnostic tools in leukemia?

Our results demonstrated that in acute leukemia patients, cell-surface uPAR expression is

restricted to blast cells expressing myeloid markers (in AML patients and patients with a hybrid

phenotype). Earlier studies examining uPAR on the leukemia cell surface have given rather

contradictory results (Plesner et al., 1994a; Jardi et al., 1996; Scherrer et al., 1999). Some

studies report that only blast cells from AML FAB groups M4 and M5 have uPAR on the cell

surface, and blast cells from more poorly differentiated subclasses (M0-M2) have no

intracellular or cell surface uPAR. In our material, which included patients from FAB classes

M0, M1, M2, M3, M4, and M5, we found that 28 of 29 AML patients had uPAR on the cell

surface. In addition, two of three patients with a hybrid phenotype and one ALL patient with

aberrant myeloid marker on the blast cell surface were uPAR-positive. The discrepancy of these

results for uPAR positivity may be due to the different antibodies and techniques used, and to

the source of the blast cells (peripheral blood vs. bone marrow). At the same time our studies

were published, Lanza et al. (1998) reported results on uPAR in acute leukemia cells, which are

in good accordance with our results. They also found that uPAR is expressed in blast cells of

M0 to M5 subclasses of AML and also in blasts of patients with biphenotypic leukemias.

Furthermore, they described a combination of different markers (uPAR positivity, abnormalities

in chromosome 11, and M5 FAB class), which predict a subset of AML characterized by a more

aggressive clinical course. The estimation of blast cell lineage is not always self-evident, and

additional phenotypic markers would be very useful. uPAR (CD87) could serve as such an

additional marker, because its expression seems to be restricted only to blast cells expressing

myeloid markers.

suPAR as a marker for prognosis in leukemia

In clinical work there are a few parameters, chromosomal abnormalities, for instance, which

can serve as prognostic markers in leukemia. However, the prediction of relapse is often

difficult, and early intervention is delayed. Therefore, we wanted to study both the cell-surface

and the plasma compartments of blood samples from patients with acute leukemia in an attempt

to discover whether components of the plasminogen activation system correlate with severity of

the disease. In our patient material, we noticed that in AML patients, high suPAR levels at

diagnosis correlated with poor response to chemotherapy and with relapse within a short time (5

months). Although these results suggest that suPAR level can be related to the aggressiveness of

the disease, it needs to be remembered that our series was quite small. In a large colon
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carcinoma series (591 patients), Stephens et al. (1999) showed an increasing risk of mortality

with increasing plasma suPAR level and suPAR level to be an independent prognostic marker. It

would therefore be of interest to study with a larger size patient population, whether suPAR level

is an independent prognostic marker, and whether it correlates with the long-term survival of

leukemia patients.

In our follow-up study, we aimed to define whether suPAR can be used as a follow-up

marker during therapy, and if it can predict relapse. This seemed promising at first, because we

found that suPAR levels correlate with the number of circulating blast cells, and because suPAR

levels decreased rapidly during treatment. Furthermore, there were patients who had only a

transient decrease in suPAR levels during treatment, whose levels increased again in relapse, or

if no remission was achieved. However, it seemed that the levels do not increase before blast

cells appear in the circulation, i.e., they fail to show the presence of blast cells in the bone

marrow. In addition, there were also patients who had a normal amount of suPAR at diagnosis.

In short, a multicenter study of suPAR in leukemia would be interesting and necessary to clarify

whether suPAR measurement can be used in the clinical setting as an additional prognostic tool

or in combination with other markers such as cytogenetical abnormalities.

Invasion of leukemia cells

In adults, hematopoiesis occurs mainly in the bone marrow. Precursor hematopoietic cells

divide and further differentiate there, and when they are well differentiated and mature enough,

they are released into the circulation. From the circulation, the fate of various blood cells is often

predestined, but sudden changes in the body and various stimuli can alter the circulation of

leukocytes. In leukemia, the normal differentiation of blood cells is disturbed, and immature

cells burst from the bone marrow into the circulation in an uncontrolled manner. Leukemic cells

also have the capability to invade various tissues outside the hematopoietic and lymphatic

system. Various cell-surface markers, including ICAMs, have been thought to play a role in the

homing of leukocytes and leukemia cells. They also facilitate the adhesion between leukocytes

and endothelial cells (Carlos and Harlan, 1994; Gahmberg, 1997; Gahmberg et al., 1997). In

addition to ICAMs, also many other molecules, including integrins and uPAR, are involved in

the tissue-invasion by normal leukocytes and adherent tumor cells (Chapman, 1997; Danø et al.,

1999; Preissner et al., 2000). In leukemia, because the invasion mechanism of blast cells and

factors influencing it have not been studied in detail, we examined leukemia cell invasion in

three-dimensional cultures mimicking the in vivo situation and evaluated factors which could

play a possible role in the disease progression.
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RA-induced invasion of promyelocytic leukemia cells

The effect of RA on APL cell extravasation is very pronounced. Without RA treatment,

neither promyelocytic NB4 cells nor cells ex vivo from an APL patient were able to traverse the

endothelial cell layer in the organotypic culture. However, when differentiation was induced by

RA, both of these cell types started to invade rapidly. Which molecules are responsible for this

invasion? Our results with FACS analysis and Northern blotting showed that RA induces the

expression of uPAR and PAI-1, both involved in vitronectin-dependent adhesion. Furthermore,

without RA treatment, promyelocytic cells had only ICAM-3 among the various ICAMs on their

cell surfaces, but RA treatment also induced expression of ICAM-1 and of the integrins CD11c

and CD18. Interestingly, earlier results have demonstrated that uPAR is associated with MAC-1

(CD11b/CD18) and also with other integrins. Therefore, the RA-induced extravasation of

promyelocytic cells can be the result of the combined effect of different types of adhesive

molecules. Our blocking experiments with antibodies to various adhesion molecules

demonstrated that ICAM-1 antibodies can inhibit the RA-induced extravasation. In addition, our

preliminary experiments with uPAR antibodies show that polyclonal antibodies against uPAR

do inhibit the extravasation, but monoclonal uPAR antibodies (R3 and R4) fail to inhibit it. It is

possible that the effect of polyclonal antibodies is nonspecific (perhaps due to sterical

hindrance), but it is also possible that the effect is specific and that the monoclonal antibodies

used are unable to block those important sites required for their association with other adhesion

molecules (e.g., with vitronectin and integrins). Although RA has a therapeutic effect on APL by

inducing cell differentiation, it may also have harmful side-effects. In the RA syndrome, patients

have fever and cell-infiltration which may, in part, be caused by the RA-induced changes in the

adhesion molecule profile on the cell surface (Frankel et al., 1992). If these symptoms are

caused by the induced expression of ICAMs or of uPAR, it would be difficult to develop agents

specific against leukemia cells, because these molecules are expressed on the surfaces of normal

leukocytes as well, and because they also have important functions in normal cell adhesion.

Extravasation of blast cells vs. normal mononuclear cells

It seems that same adhesion molecules take part in the extravasation process of normal

leukocytes and leukemia cells, because in both cases ICAM-1 antibodies were able to inhibit the

invasion of cells through endothelial cell layers. However, blast cells from different subclasses

of AML usually have different capabilities of invasion. In monocytic types of AML (M4/M5),

more often skin infiltrations of leukemia cells occur. Earlier studies have shown that ICAM-1

expression does not correlate with any specific AML subtype (Maio et al., 1990; Bruserud and

Ulvestad, 1999). Furthermore, our studies demonstrated no correlation between sICAM-1 level

in plasma and AML FAB class. In adherent tumor cells, uPAR expression has been associated

with a more invasive phenotype. Intriguingly, our results in AML showed that blast cells from
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M4/M5 subclasses have the highest amounts of uPAR on their surfaces. In addition, Scherrer et

al. (1999) have reported that at the mRNA level, uPAR expression is found only in M4/M5

subtypes. It is therefore possible that uPAR is related to M4/M5 blast cells’ invasive capacity.

The biological function of soluble ICAMs in adhesion is unclear. On the one hand, in vitro

sICAM-1 can bind LFA-1 when bound to the substratum (Rothlein et al., 1991; Hedman et al.,

1992), but on the other hand, sICAM-1 had no effect in our adhesion/extravasation experiments.

Furthermore, because we noticed no correlation between plasma sICAM-1 levels and the

invasive behavior of leukemia, it seems probable that soluble ICAMs in the circulation may have

no function in leukemia cell adhesion. However, shedding of ICAM-1 from the cell surface may

have some function in disease progression, since it has been shown that lower ICAM-1

expression on the leukemia cell surface is associated with the resistance of leukemia cells to the

lytic activity of lymphokine-activated killer (LAK) cells (Raspadori et al., 1993). This suggests

that leukemia cells may avoid being killed by the immune system by regulating their own

ICAM-1 expression. It would thus be important to study whether differences exist in the

adhesion molecule profile between leukemia cells in the bone marrow and in the peripheral

blood. It is possible that leukemia cells need several adhesion molecules when they escape from

the bone marrow into the circulation, and then later on, they regulate their adhesion molecule

profile by shedding these receptors from their cell surfaces. This may result in a situation in

which leukemia cells are no longer under the control of the normal immune system, and they are

able to divide and invade in an uncontrolled manner.

uPAR - a multifunctional protein. Biological function

in vivo in cancer patients?

In order to be able to grow and metastasize, malignant tumors need help from non-malignant

cells, e.g., from endothelial cells to form blood vessels in order to guarantee a sufficient nutrition

supply. It has been suggested that tumor cells recruit other cells to produce molecules that could

help the tumor cells invade. In adherent tumors, uPAR and other components of the PA system

are not always expressed by tumor cells, but by the surrounding stromal cells. However, in

many in vitro experiments, uPAR has been localized to the leading edge of migrating tumor

cells, suggesting that uPAR function is also important for tumor cells. In blood samples of

patients with various malignant adherent tumors (ovarian, bladder, colon, breast, lung, prostate,

and head and neck carcinomas) plasma/serum suPAR levels have been elevated (Pappot et al.,

1997; Stephens et al., 1997; Sier et al., 1998; Wahlberg et al., 1998; Miyake et al., 1999;

Schmidt and Hoppe, 1999; Sier et al., 1999; Stephens et al., 1999). It has not been known

whether these elevated levels are produced by tumor cells or by stromal cells. Our results in
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leukemia provided quite strong evidence that malignant tumor cells produce the excess plasma

and urine suPAR in leukemia patients. Furthermore, we have noticed in vitro that promyelocytic

NB4 leukemia cells can produce suPAR into their culture medium. However, the question still

remains open whether this soluble molecule has any biological function or is just a release

mechanism of cells for getting rid of extra uPAR on their surfaces.

The role of suPAR/uPAR in cell migration, adhesion, and chemotaxis

uPAR cleavage from the cell surface (either cleavage of the full-length receptor or of only the

ligand-binding domain) may function as a regulation mechanism for cells to control their

adherence to other cells or to the extracellular matrix. For example, in extravasation, cells need to

attach themselves to endothelial cells, and then after traversing the endothelial cell barrier, they

need to detach to be able to move on. Our in vitro experiments showed that endothelial cells

shed more uPAR when they grow in physical contact with leukocytes. It is possible that uPAR

shedding from cell surfaces may dissociate cells from integrins and decrease adherence, and in

that manner, promote cell movement. This phenomenon can occur very rapidly, and adherence

and detachment can follow each other in a cascade-like process. However, it is likely that many

other adhesion molecules participate in this process as well, and that they also have overlapping

roles. This may be the reason why uPAR knockouts did not show major differences in tumor

cell invasion, although marked effects were seen in inflammatory cell recruitment in the same

knockouts.

In vitro experiments have shown that the soluble urokinase receptor needs to be cleaved, i.e.,

the connecting peptide between domain 1 and 2 needs to exposed, before it is able to induce a

chemotactic effect in THP-1 and smooth-muscle cells (Resnati et al., 1996; Fazioli et al., 1997;

Degryse et al., 1999). In contrast, full-length uPAR is required for efficient vitronectin binding

(Wei et al., 1994; Høyer-Hansen et al., 1997a; Sidenius and Blasi, 2000), and furthermore, it has

been demonstrated that full-length uPAR is associated with β1-integrins, whereas the cleaved

form does not (Montuori et al., 1999). It therefore seems that the different forms of uPAR may

be required and be important for different functions. In this study, we found uPAR fragments in

tumor cells, and in plasma and urine samples of leukemia patients, whereas samples from

healthy individuals usually contained full-length uPAR. This difference is not likely to be

accidental. On the contrary, this suggests that these fragments may have some unknown

function in cancer pathophysiology. In the future, it would be of interest to isolate these

fragments from various samples from cancer patients and to analyze their amino acid sequences,

to see where the cleavage occurs in vivo, i.e., to discover whether or not it takes place at the site

of uPA cleavage. Furthermore, the isolated fragments could be tested in vitro, to see whether

they induce such processes as cytoskeletal reorganization, adherence of cells, or chemotaxis.



68 Discussion
                                                                                                                                                                 

Such studies would shed more light on the possible role of uPAR and uPAR fragments in the

pathophysiology of cancer in general, and on their significance in acute leukemia, as well.
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PERSPECTIVES

Because cancer cells resemble the body’s non-malignant cells in many ways, they are not

effectively rejected by the immune system. However, in addition to their normal functions,

cancer cells also possess advantages which assist them to overgrow normal cells. The ideal way

to treat the cancer would be to kill the cancer cells but not to affect normal cells. For example in

leukemia, this is very difficult to accomplish by means of conventional chemotherapy, since both

normal blood cells and leukemia cells are dividing cells. In addition, both these cell types have

similar phenotypic markers on their surfaces. Therefore, it is important to characterize the

special features of leukemia cells and to find any possible differences between them and normal

blood cells which could be useful in the design of future therapy.

During several decades, strong evidence has accumulated that in tumor invasion and

metastasis, the plasminogen activation system plays an important role. The new non-proteolytic

roles of the plasminogen activation system have reinforced interest in the plasminogen activation

field and also explained some old phenomena not understandable by the mechanisms of the

proteolytic functions of the plasminogen activation system. In this study, we have tried to

examine the role and the possible importance of the plasminogen activation system and of some

adhesion molecules in leukemia. Our results show that the components of the plasminogen

activation system are expressed in increased amounts in leukemia cells in vitro and in vivo and

that various drugs used in the treatment of leukemia regulate the expression level and the activity

of these components. Although our results also suggest that some of these components, such as

uPAR, can be used as diagnostic or prognostic markers in leukemia, still further studies are

needed to clarify their clinical impact. However, as general knowledge of the functions of uPAR

increases, and when our understanding of the biological role of soluble uPAR becomes clearer,

the results presented here may also contribute to the understanding of the pathophysiology of

leukemia and to better approaches in the treatment of leukemia patients.



70 Acknowledgements
                                                                                                                                                                 

ACKNOWLEDGEMENTS

This study has been carried out at the Department of Virology, Haartman Institute, University of
Helsinki. I want to thank the Heads of the Department, Professor Antti Vaheri and Professor
Carl-Henrik von Bonsdorff, for creating such a research-friendly atmosphere in the department
and for providing excellent working facilities. Especially, I want to warmly thank Antti Vaheri
for supervising this work. It has been a privilege to work in his group, and his profound and
wide knowledge in science has been valuable in my work. Although he has offered me great
freedom in conducting my research, when needed he has always been ready to help.

I am deeply grateful to Docent Riitta Alitalo for all her interest and help in my work. Although
she has not been an official supervisor, I feel that she has helped and encouraged me so many
times during these years and taught me the basics of hematology.  

I wish to express my gratitude to my collaborators and friends in the Department of Virology.
When I came to the department, Dr. Hannele Tapiovaara was finishing her PhD thesis in
plasminogen activation in leukemia. Although we did not have a chance to work together for a
long time, I wish to warmly thank her for introducing me to this field and helping and
encouraging me in those first important steps in science. Dr. Vappu Sirén has been senior in our
group and has always kindly taken care of the whole PA group. I warmly thank her for many
joyful discussions and for her ability to see the bright sides of all things. I want especially to
thank Heli Myöhänen for teaching me many techniques in the lab and for many nice more-or-
less-scientific discussions. Her wide knowledge in the plasminogen activation field has helped
me to solve many problems. It has been a pleasure to work with Irina Suomalainen, and I
warmly thank her for all her help during these studies. She has not only run after my samples,
but she has always been very optimistic and encouraged me in every possible way. My sincere
thanks go to all other former or present members of our extended PA group: Drs. Miina
Weckroth, Leena-Maija Aaltonen, Ren Wei Chen, Tambet Teesalu, Josef Bizik, Francis
Akenami, and Leena Riittinen. You have made our lab a joyful place to work, and I want to
express my sincere thanks to you all for your friendship and kind support. In addition, I want to
warmly thank Docent Marjaleena Koskiniemi, Dr. Eeva Auvinen, and Docent Eeva-Marjatta
Salonen for their interest in my work.

I have been a privileged to collaborate with many other scientists outside our department. I want
to warmly thank Docent Erkki Elonen for his help with the clinical issues. Dr. Ross Stephens,
Professor Francesco Blasi, Professor Carl G. Gahmberg, and Docent Olli Carpén are gratefully
acknowledged for their interest and help in these studies. Drs. Nicolai Sidenius and Cornelis
Sier are warmly thanked for many helpful discussions and for their patience in answering my
endless e-mails.

My medical student background did not help me much in the first steps of the lab work, and I
am grateful to all of you, who have advised and helped me many times during these years.





72 References
                                                                                                                                                                  

REFERENCES

Ades EW, Candal FJ, Swerlick RA, George VG, Summers S, Bosse DC, and Lawley TJ. HMEC-1:
Establishment of an immortalized human microvascular endothelial cell line. Journal of Investigative
Dermatology 99: 683-690, 1992.

Aguirre-Ghiso JA, Kovalski K, and Ossowski L. Tumor dormancy induced by downregulation of urokinase
receptor in human carcinoma involves integrin and MAPK signaling. J Cell Biol 147: 89-103, 1999.

Akenami FOT, Sirén V, Koskiniemi M, Siimes MA, Teräväinen H, and Vaheri A. Cerebrospinal fluid
activity of tissue plasminogen activator in patients with neurological diseases. J Clin Pathol 49: 577-580, 1996.

Akenami FOT, Koskiniemi M, Mustjoki S, Siren V, Färkkilä M, and Vaheri A. Plasma and cerebrospinal
fluid activities of tissue plasminogen activator, urokinase and plasminogen activator inhibitor-1 in multiple
sclerosis. Fibrinolysis 11: 109-113, 1997.

Akenami FOT, Koskiniemi M, and Vaheri A. Plasminogen activation in multiple sclerosis and other
neurological disorders. Fibrinol Proteol 14: 1-14, 2000.

Alessi MC, Chomiki N, Berthier R, Schweitzer A, Fossat C, and Juhan-Vague I. Detection of plasminogen
activator inhibitor-1 (PAI-1) mRNA in human megakaryocytes by in situ hybridization. Thromb Haemost 72:
931-936, 1994.

Alonso DF, Tejera AM, Farias EF, Bal de Kier Joffe E, and Gomez DE. Inhibition of mammary tumor cell
adhesion, migration, and invasion by the selective synthetic urokinase inhibitor B428. Anticancer Res 18: 4499-
4504, 1998.

Andreasen PA, Riccio A, Welinder KG, Douglas R, Sartorio R, Nielsen LS, Oppenheimer C, Blasi F, and
Danø K. Plasminogen activator inhibitor type-1: Reactive center and aminoterminal heterogeneity determined by
protein and cDNA sequencing. FEBS Lett 209: 213-218, 1986.

Andreasen PA, Georg B, Lund LR, Riccio A, and Stacey SN. Plasminogen activator inhibitors: hormonally
regulated serpins. Mol Cell Endocrinol 68: 1-19, 1990.

Andreasen PA, Kjoller L, Christensen L, and Duffy MJ. The urokinase-type plasminogen activator system in
cancer metastasis: a review. Int J Cancer 72: 1-22, 1997.

Andreasen PA, Egelund R, and Petersen HH. The plasminogen activation system in tumor growth, invasion,
and metastasis. Cell Mol Life Sci 57: 25-40, 2000.

Angelopoulou MK, Kontopidou FN, and Pangalis GA. Adhesion molecules in B-chronic lymphoproliferative
disorders. Semin Hematol 36: 178-197, 1999.

Archimbaud E, Thomas X, Campos L, Magaud J-P, Doré J-F, and Fiere D. Expression of surface adhesion
molecules CD54 (ICAM-1) and CD58 (LFA-3) in adult acute leukemia: relationship with initial characteristics
and prognosis. Leukemia 6: 265-271, 1992.

Arnaout MA, Lanier LL, and Faller DV. Relative contribution of the leukocyte molecules Mo1, LFA-1, and
p150,95 (LeuM5) in adhesion of granulocytes and monocytes to vascular endothelium is tissue- and stimulus-
specific. Journal of Cellular Physiology 137: 305-309, 1988.

Bajou K, Noel A, Gerard RD, Masson V, Brunner N, Holst-Hansen C, Skobe M, Fusenig NE, Carmeliet P,
Collen D, and Foidart JM. Absence of host plasminogen activator inhibitor 1 prevents cancer invasion and
vascularization. Nat Med 4: 923-928, 1998.

Baker MS, Bleakley P, Woodrow GC, and Doe WF. Inhibition of cancer cell urokinase plasminogen
activator by its specific inhibitor PAI-2 and subsequent effects on extracellular matrix degradation. Cancer Res
50: 4676-4684, 1990.



References 73
                                                                                                                                                                  

Banks RE, Gearing AJH, Hemingway IK, Norfolk DR, Perren TJ, and Selby PJ. Circulating intercellular
adhesion molecule-1 (ICAM-1), E-selectin and vascular adhesion molecule-1 (VCAM-1) in human malignancies.
British Journal of Cancer 68: 122-124, 1993.

Beck JM, Preston AM, and Gyetko MR. Urokinase-type plasminogen activator in inflammatory cell
recruitment and host defense against Pneumocystis carinii in mice. Infect Immun 67: 879-884, 1999.

Behr SI, Korinth D, and Schriever F. Differential adhesion pattern of B cell chronic lymphocytic leukemia
cells. Leukemia 12: 71-77, 1998.

Behrendt N, Rønne E, Ploug M, Petri T, Løber D, Nielsen LS, Schleuning W-D, Blasi F, Appella E, and
Danø K. The human receptor for urokinase plasminogen acivator. NH2-terminal amino acid sequence and

glycosylation variants. J Biol Chem 265: 6453-6460, 1990.

Behrendt N, Ploug M, Patthy L, Houen G, Blasi F, and Danø K. The ligand-binding domain of the cell
surface receptor for urokinase-type plasminogen activator. J Biol Chem 266: 7842-7847, 1991.

Behrendt N, Rønne E, and Danø K. Domain interplay in the urokinase receptor. Requirement for the third
domain in high affinity ligand binding and demonstration of ligand contact sites in distinct receptor domains. J
Biol Chem 271: 22885-22894, 1996.

Behrendt N, and Stephens RW. The urokinase receptor. Fibrinolysis Proteol 12: 191-204, 1998.

Belin D. Biology and facultative secretion of plasminogen activator inhibitor-2. Thromb Haemost 70: 144-
147, 1993.

Bell WR. The fibrinolytic system in neoplasia. Semin Thromb Hemostas 22:  459-478, 1996.

Bennett B, Booth NA, Droll A, and Dawson AA. The bleeding disorder in APL: Fibrinolysis due to uPA
rather than defibrination. Br J Haematol 71:  511-516, 1989.

Bennett B, Croll AM, Robbie LA, and Herriot R. Tumour cell u-PA as a cause of fibrinolytic bleeding in
metastatic disease. Br J Haematol 99: 570-574, 1997.

Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DAG, Gralnick HR, and Sultan C. Proposals for
the classification of the acute leukaemias. The French-American-British (FAB) co-operative Group. Br J
Haematol 33: 451-458, 1976.

Besser D, Verde P, Nagamine Y, and Blasi F. Signal transduction and the uPA/uPAR system. Fibrinolysis
10: 215-237, 1996.

Bianchi E, Cohen RL, Thor AT, Todd III RF, Mizukami IF, Lawrence DA, Ljung BM, Shuman MA, and
Smith HS. The urokinase receptor is expressed in invasive breast cancer but not in normal breast tissue. Cancer
Res 54: 861-866, 1994.

Bianchi E, Ferrero E, Fazioli F, Mangili F, Wang J, Bender J, Blasi F, and Pardi R. Integrin-dependent
induction of functional urokinase receptors in primary T lymphocytes.  J Clin Invest 98: 1133-1141, 1996.

Bizik J, Vaheri A, Saksela O, Kalkkinen N, Meri S, and Grofova M. Human tumor cells synthesize and
secrete alpha-2-macroglobulin in vitro. Int J Cancer 37: 81-88, 1986.

Bizik J, Stephens RW, Grofova M, and Vaheri A. Binding of tissue-type plasminogen activator to human
melanoma cells. J Cell Biochem 51: 326-335, 1993.

Blasi F, Conese M, Møller LB, Pedersen N, Cavallaro U, Cubellis MV, Hernandez-Marrero F, Limongi P,
Munoz-Canoves P, Resnati M, Riittinen L, Sidenius N, Soravia E, Soria MR, Stoppelli MP, Talarico D,
Teesalu T, and Valcamonica S. The urokinase receptor: structure, regulation and inhibitor-mediated
internalization. Fibrinolysis 8: 182-188, 1994.



74 References
                                                                                                                                                                  

Blasi F. uPA, uPAR, PAI-1: key intersection of proteolytic, adhesive and chemotactic highways? Immunol
Today 18: 415-417, 1997.

Blasi F. Proteolysis, cell adhesion, chemotaxis, and invasiveness are regulated by the u-PA-u-PAR-PAI-1
system. Thromb Haemost 82: 298-304, 1999a.

Blasi F. The urokinase receptor. A cell surface, regulated chemokine. APMIS 107: 96-101, 1999b.

Blobel CP. Remarkable roles of proteolysis on and beyond the cell surface. Curr Opin Cell Biol 12: 606-
612, 2000.

Bloom BJ, Miller LC, Tucker LB, Schaller JG, and Blier PR. Soluble adhesion molecules in juvenile
rheumatoid arthritis. Journal of Rheumatology 26: 2044-2048, 1999.

Bohuslav J, Horejsi V, Hansmann C, Stöckl J, Weidle UH, Majdic O, Bartke I, Knapp W, and Stockinger H.
Urokinase plasminogen activator receptor, β2-integrins, and src-kinases within a single receptor complex of
human monocytes. J Exp Med 181: 1381-1390, 1995.

Borth W. α2-macroglobulin, a multifunctional binding protein with targeting characteristics. FASEB J 6:
3345-3353, 1992.

Brisson-Jeanneau C, Nelles L, Rouer E, Sultan Y, and Benarous R. Tissue-plasminogen activator RNA
detected in megakaryocytes by in situ hybridization and biotinylated probe. Histochemistry 95: 23-26, 1990.

Brünner N, Nielsen HJ, Hamers M, Christensen IJ, Thorlacius-Ussing O, and Stephens RW. The urokinase
plasminogen activator receptor in blood from healthy individuals and patients with cancer. APMIS 107: 160-167,
1999.

Bruserud O, and Ulvestad E. Expression and release of adhesion molecules by human acute myelogenous
leukemia blasts. Leukemia Research 23: 149-157, 1999.

Bugge TH, Kombrinck KW, Flick MJ, Daugherty CC, Danton MJS, and Degen JL. Loss of fibrinogen
rescues mice from the pleiotropic effects of plasminogen defiency. Cell 87: 709-719, 1996.

Camoin L, Pannel R, Anfosso F, Lefevre JP, Sampol J, Gurevich V, and Dignat-George F. Evidence for the
expression of urokinase-type plasminogen activator by human venous endothelial cells in vivo. Thromb
Haemost 80: 961-967, 1998.

Carlos TM, and Harlan JM. Leukocyte-endothelial adhesion molecules. Blood 84: 2068-2101, 1994.

Carmeliet P, Kieckens L, Schoonjans L, Ream B, Van Nuffelen A, Prendergast G, Cole M, Bronson R,
Collen D, and Mulligan RC. Plasminogen activator inhibitor-1 gene-deficient mice. Generation by homologous
recombination and characterization. J Clin Invest 92: 2746-2755, 1993.

Carmeliet P, Schoonjans L, Kieckens L, Ream B, Degen J, Bronson R, De Vos R, van den Oord JJ, Collen
D, and Mulligan RC. Physiological consequences of loss of plasminogen activator gene function in mice. Nature
368: 419-424, 1994.

Carmeliet P, and Collen D. Vascular development and disorders: molecular analysis and pathogenic insights.
Kidney Int 53: 1519-1549, 1998.

Carriero MV, Del Vecchio S, Capozzoli M, Franco P, Fontana L, Zannetti A, Botti G, D'Aiuto G, Salvatore
M, and Stoppelli MP. Urokinase receptor interacts with αvβ5 vitronectin receptor, promoting urokinase-
dependent cell migration in breast cancer. Cancer Res 59: 5307-5314, 1999.

Carroll PM, Tsirka SE, Richards WG, Frohman MA, and Strickland S. The mouse tissue plasminogen
activator gene 5 flanking region directs appropriate expression in development and a seizure-enhanced response in
the CNS. Development 120: 3173-3183, 1994.

Carroll VA, and Binder BR. The role of the plasminogen activation system in cancer. Semin Thromb
Hemost 25: 183-197, 1999.



References 75
                                                                                                                                                                  

Cartwright RA, and Staines A. Acute leukaemias. Bailliere Clin Haem 5: 1-26, 1992.

Castaigne S, Chomienne C, Daniel MT, Ballerini P, Berger R, Fenaux R, and Degos L. All-trans retinoic
acid as a differentiation therapy for acute promyelocytic leukemia. I. Clinical results. Blood 79: 1704-1709,
1990.

Chapman HA. Plasminogen activators, integrins, and the coordinated regulation of cell adhesion and
migration. Curr Opin Cell Biol 9: 714-724, 1997.

Choi K, Kennedy M, Kazarov A, Papadimitriou JC, and Keller G. A common precursor for hematopoietic
and endothelial cells. Development 125: 725-732, 1998.

Chomczynski P, and Sacchi N. Single-step method of RNA isolation by acid guanidium thiocyanate-phenol-
chloroform extraction. Anal Biochem 162: 156-159, 1987.

Christiansen I, Gidlöf C, Wallgren A, Simonsson B, and Tötterman T. Serum levels of soluble intercellular
adhesion molecule 1 are increased in chronic B-lymphocytic leukemia and correlate with clinical stage and
prognostic markers. Blood 84: 3010-3016, 1994.

Collen C, and Lijnen HR. Molecular and cellular basis of fibrinolysis.  In Hematology basic principles and
practice, R. H, ed. (New York: Churchill Livingstone), pp. 1232-1242, 1991.

Collen D. The plasminogen (fibrinolytic) system. Thromb Haemost 82: 259-270, 1999.

Crowley CW, Cohen RL, Lucas BK, Liu G, Shuman MA, and Levinson AD. Prevention of metastasis by
inhibition of the urokinase receptor. Proc Natl Acad Sci 90: 5021-5025, 1993.

Csanaky G, Matutes E, Vass JA, Morilla R, and Catovsky D. Adhesion receptors on peripheral blood
leukemic B cells. A comparative study on B cell chronic lymphocytic leukemia and related lymphoma/leukemias.
Leukemia 11: 408-415, 1997.

Curran S, and Murray GI. Matrix metalloproteinases: molecular aspects of their roles in tumour invasion and
metastasis. Eur J Cancer 36: 1621-1630, 2000.

Danø K, Andreasen PA, Grøndahl-Hansen J, Kristensen P, Nielsen LS, and Skriver L. Plasminogen
activators, tissue degradation, and cancer. Adv Cancer Res 44: 139-266, 1985.

Danø K, Behrendt N, Brunner N, Ellis V, Ploug M, and Pyke C. The urokinase receptor: protein structure
and role in plasminogen activation and cancer invasion. Fibrinolysis 8:  189-203, 1994.

Danø K, Rømer J, Nielsen BS, Bjørn S, Pyke C, Rygaard J, and Lund L. Cancer invasion and tissue
remodelling-cooperation of protease systems and cell types. APMIS 107: 120-127, 1999.

De Botton S, Dombret H, Sanz M, San Miguel J, Caillot D, Zittoun R, Gardempas M, Stamatoulas A,
Condé E, Guerci A, Gardin C, Geiser K, Cony Makhoul D, Reman O, de la Serna J, Lefrere F, Chomienne C,
Chastang C, Degos L, and Fenaux P. Incidence, clinical features, and outcome of all trans-retinoic acid syndrome
in 413 cases of newly diagnosed acute promyelocytic leukemia. Blood 92: 2712-2718, 1998.

De Waele M, Renmans W, Jochmans K, Schots R, Lacor P, Trullemans F, Otten J, Balduck N, Vander
Gucht K, and Van Gamp B. Different expression of adhesion molecules on CD34+ cells in AML and B-lineage
ALL and their normal bone marrow counterparts. Eur J Haematol 63: 192-201, 1999.

Degryse B, Resnati M, Rabbani SA, Villa A, Fazioli F, and Blasi F. Src-dependence and pertussis-toxin
sensitivity of urokinase receptor-dependent chemotaxis and cytoskeleton reorganization in rat smooth muscle
cells. Blood 94: 649-662, 1999.

Deng G, Royle G, Wang S, Crain K, and Loskutoff DJ. Structural and functional analysis of the
plasminogen activator inhibitor-1 binding motif in the somatomedin B domain of vitronectin. J Biol Chem 271:
12716-12723, 1996.



76 References
                                                                                                                                                                  

Deutsch D, and Mertz E. Plasminogen: purification from human plasma by affinity chromatography. Science
170: 1095-1096, 1970.

Dewerchin M, Van Nuffelen A, Wallays G, Bouché A, Moons L, Carmeliet P, Mulligan RC, and Collen D.
Generation and characterization of urokinase receptor-deficient mice. J Clin Invest 97: 870-878, 1996.

Dickman PW, Hakulinen T, Luostarinen T, Pukkala E, Sankila R, Soderman B, and Teppo L. Survival of
cancer patients in Finland 1955-1994. Acta Oncol 38: 1-103, 1999.

Diéval J, Nguyen G, Gross S, Delobel J, and Kruithof EKO. A lifelong bleeding disorder associated with a
defiency of plasminogen activator inhibitor type 1. Blood 77: 528-532, 1991.

Dombret H, Scrobohaci ML, Ghorra P, Zini JM, Daniel MT, Castaigne S, and Degos L. Coagulation
disorders associated with acute promyelocytic leukemia: Corrective effect of all-trans retinoic acid treatment.
Leukemia 7: 2-9, 1993.

Dombret H, Scrobohaci M-L, Daniel M-T, Micléa J-M, Castaigne S, Chomienne C, Fenaux P, and Degos
L. In vivo thrombin and plasmin activities in patients with acute promyelocytic leukemia (APL): effect of all-
trans retinoic acid (ATRA) therapy. Leukemia 9: 19-24, 1995.

Dumler I, Weis A, Mayboroda OA, Maasch C, Jerke U, Haller H, and Gulba DC. The Jak/Stat pathway and
urokinase receptor signaling in human aortic vascular smooth muscle cells. J Biol Chem 273: 315-321, 1998.

Elonen E, Hänninen A, Jansson S-E, Koistinen P, Koivunen E, Lehtinen M, Nousiainen T, Pelliniemi T-T,
Rajamäki A, Remes K, Timonen T, Vilpo J, Volin L, and Ruutu T. Intensive chemotherapy in adults with de
novo acute myeloid leukemia: results of The Finnish Leukaemia Group Study AML92. Nordisk förening för
hematologi, 28 vårmötet, 1997.

Elonen E, Itälä M, Jantunen E, Koistinen P, Koivunen E, Lehtinen M, Nousiainen T, Pelliniemi T-T,
Remes K, Sinisalo M, Timonen T, Volin L, and Ruutu T. Intensive chemotherapy of acute lymphoblastic
leukaemia (ALL) in adults supported with G-CSF (lemograstim). A randomized study between early and delayed
start of G-CSF. Brit J Haematol 102: 230, 1998.

Elsdale T, and Bard J. Collagen substrata for studies on cell behavior. Journal of Cell Biology 54: 626-637,
1972.

Fazioli F, Resnati M, Sidenius N, Higashimoto Y, Appella E, and Blasi F. A urokinase-sensitive region of
the human urokinase receptor is responsible for its chemotactic activity. EMBO J 16: 7279-7286, 1997.

Fenaux P. Management of acute promyelocytic leukemia. Eur J Haematol 50: 65-73, 1993.

Fort P, Marty L, Piechaczyk M, Sabrouty SE, Dani C, Jeanteur P, and Blanchard JM. Various rat adult
tissues express only one major mRNA species for the glyceraldehyde-3-phosphate-dehydrogenase multigenic
family. Nucleic Acids Res 13: 1431-1432, 1985.

Fortunel NO, Hartzfeld A, and Hatzfeld JA. Transforming growth factor-β: pleiotropic role in regulation of
hematopoiesis. Blood 96: 2022-2036, 2000.

Frankel SR, Eardley A, Lauwers G, Weiss M, and Warrell RPJ. The "retinoic acid syndrome" in acute
promyelocytic leukemia. Ann Int Med 117: 292-296, 1992.

Fukao H, Ueshima S, Okada K, Yamamoto K, Matsuo T, and Matsuo O. Tissue-type plasminogen activator,
type 1 plasminogen activator inhibitor and their complex in plasma with disseminated intravascular coagulation.
Thromb Res 68: 57-65, 1992.

Gahmberg CG. Leucocyte adhesion: CD11/CD18 integrins and intercellular adhesion molecules. Current
Opinion in Cell Biology 9: 643-650, 1997.

Gahmberg CG, Tolvanen M, and Kotovuori P. Leucocyte adhesion. Structure and function of human
leukocyte β2-integrins and their cellular ligands. European Journal of Biochemistry 245: 215-232, 1997.



References 77
                                                                                                                                                                  

Gale RP, and Butturini A. Leukemia: stem cells, preleukemia and cure. Leukemia 6: 80-85, 1992.

Ganesh S, Sier CF, and Griffioen G. Prognostic relevance of plasminogen activators and their inhibitors in
colorectal cancer. Cancer Res 54: 4065-4071, 1994.

Garcia Frade LJ, Sureda A, Torrado MC, and Garcia Avello A. High plasma urokinase-type plasminogen
activator levels are present in patients with acute nonlymphoblastic leukemia. Acta Haematol 88: 7-10, 1992.

Gearing AJH, and Newman W. Circulating adhesion molecules in disease. Immunology Today 14: 506-512,
1993.

Granelli-Piperno A, and Reich E. A study of proteases and protease-inhibitor complexes in biological fluids.
J Exp Med 148: 223-234, 1978.

Grignani F, Ferrucci PF, Testa U, Talamo G, Fagioli M, Alcalay M, Mencarelli A, Grignani F, Peschle C,
Nicoletti I, and Pelicci PG. The acute promyelocytic leukemia-specific PML-RAR-α  fusion protein inhibits
differentiation and promotes survival of myeloid precursor cells. Cell 74: 423-431, 1993.

Grignani F, Fagioli M, Alcalay M, Longo L, Pandolfi PP, Donti E, Biondi A, Lo Coco F, Grignani F, and
Pelicci GP. Acute promyelocytic leukemia: From genetics to treatment. Blood 83: 10-25, 1994.

Groopman JE, Molina J-M, and Scadden DT. Hematopoietic growth factors. Biology and clinical
applications. New Eng J Med 321: 1449-1459, 1989.

Guo Y, Higazi AA-R, Arakelian A, Sachais BS, Cines D, Goldfarb RH, Jones TR, Kwaan H, Mazar AP,
and Rabbani SA. A peptide derived from non-receptor binding region of urokinase plasminogen activator (uPA)
inhibits tumor progression and angiogenesis and induces tumor cell death in vivo. FASEB J 14: 1400-1410,
2000.

Gyetko MR, Wilkinson CC, and Sitrin RG. Monocyte urokinase expression: modulation by interleukins. J
Leukoc Biol 53: 598, 1993

Gyetko MR, Todd RFI, Wilkinson CC, and Sitrin RG. The urokinase receptor is required for human
monocyte chemotaxis in vitro. J Clin Invest 93: 1380-1387, 1994.

Gyetko MR, Chen G-H, McDonald RA, Goodman R, Huffnagle GB, Wilkinson CC, Fuller JA, and Toews
GB. Urokinase is required for the pulmonary inflammatory response to Cryptococcus neoformans. J Clin Invest
97: 1818-1826, 1996.

Gyetko MR, Libre EA, Fuller JA, Chen G-H, and Galen BT. Urokinase is required for T lymphocyte
proliferation and activation in vitro. J Lab Clin Med 133: 274-288, 1999.

Gyetko MR, Sud S, Kendall T, Fuller JA, Newstead MW, and Standiford TJ. Urokinase receptor-deficient
mice have impaired neutrophil recruitment in response to pulmonary Pseudomonas aeruginosa infection. J
Immunol 165: 1513-1519, 2000.

Harris NL, Jaffe ES, Diesbold J, Flandrin G, Muller-Hermelink HK, Vardiman J, Lister TA, and Bloomfield
CD. World Health Organization classification of neoplastic diseases of the hematopoietic and lymphoid tissues:
Report of the Clinical Advisory Committee meeting-Airlie House, Virginia, November 1997. J Clin Oncol 17:
3835-3849, 1999.

Hart PH, Vitti GF, Burgess DR, Whitty GA, Royston K, Hamilton JA. Activation of human monocytes by
granulocyte-macrophage colony-stimulating factor: increased urokinase-type plasminogen activator activity.
Blood 77: 841, 1999.

Hedman H, Brändén H, and Lundgren E. Physical separation of ICAM-1 binding cells. Journal of
Immunological Methods 146: 203-211, 1992.

Hekman CM, and Loskutoff DJ. Endothelial cells produce a latent inhibitor of plasminogen activators that
can be activated by denaturants. J Biol Chem 260: 11581-11587, 1985.



78 References
                                                                                                                                                                  

Hirano N, Takahashi T, Ohtake S, Hirashima K, Emi N, Saito K, Hirano M, Shinohara K, Takeuchi M,
Taketazu F, Tsunoda S, Ogura M, Omine M, Saito T, Yazaki Y, Ueda R, and Hirai H. Expression of
costimulatory molecules in human leukemias. Leukemia: 1168-1176, 1996.

Holst-Hansen C, Hamers MJAG, Johannessen BE, Brünner N, and Stephens RW. Soluble urokinase receptor
released from human carcinoma cells: a plasma parameter for xenograft tumour studies. Brit J Cancer 81: 203-
211, 1999.

Hovi T, Saksela O, and Vaheri A. Increased secretion of plasminogen activator by human macrophages after
exposure to leukocyte interferon. FEBS Lett 129: 233, 1981.

Høyer-Hansen G, Rønne E, Solberg H, Behrendt N, Ploug M, and Lund LR. Urokinase plasminogen
activator cleaves its cell surface receptor releasing the ligand-binding domain. J Biol Chem 267: 18224-18229,
1992.

Høyer-Hansen G, Behrendt N, Ploug M, Danø K, and Preissner KT. The intact urokinase receptor is required
for efficient vitronectin binding: receptor cleavage prevents ligand interaction. FEBS Lett 420: 79-85, 1997a.

Høyer-Hansen G, Ploug M, Behrendt N, Rønne E, and Danø K. Cell-surface acceleration of urokinase-
catalyzed receptor cleavage. Eur J Biochem 243: 21-26, 1997b.

Itoh T, Tanioka M, Yoshida H, Yoshioka T, Nishimoto H, and Itohara S. Reduced angiogenesis and tumor
progression in gelatinase A-deficient mice. Cancer Res 58: 1048-1051, 1998.

Jardi M, Ingles-Esteve J, Burgal M, Azqueta C, Velasco F, Lopez-Pedrera C, Miles LA, and Felez J. Distinct
patterns of urokinase receptor (uPAR) expression by leukemic cells and peripheral blood cells. Thromb Haemost
76: 1009-1019, 1996.

Jeanneau C, and Sultan Y. Tissue plasminogen activator in human megakaryocytes and platelets:
immunocytochemical localization, immunoblotting and zymographic analysis. Thromb Haemost 59: 529-534,
1988.

Johnsen M, Lund LR, Rømer J, Almholt K, and Danø K. Cancer invasion and tissue remodeling: common
themes in proteolytic matrix degradation. Curr Opin Cell Biol 10: 667-671, 1998.

Juhan-Vague I, and Alessi MC. Plasminogen activator inhibitor 1 and atherothrombosis. Thromb Haemost
70: 138-143, 1993.

Kawada H, Fukuda R, Yoshida M, Takei M, Kobayashi N, Masumoto A, Ogawa Y, Sasao T, Kubota N,
Watanabe S, Umeda Y, Yamauchi K, Yonekura S, and Ichikawa Y. Clinical significance of LFA-1 expression in
adult acute myeloid leukemia. Leukemia Research 20: 327-332, 1996.

Khoury SJ, Orav EJ, Guttmann CRG, Kikinis R, Jolesz FA, and Weiner HL. Changes in serum levels of
ICAM and TNF-R correlate with disease activity in multiple sclerosis. Neurology 53: 758-764, 1999.

Kling D, Fingerle J, Harlan JM, Lobb RR, and Lang F. Mononuclear leukocytes invade rabbit arterial intima
during thickening formation via CD18- and VLA-4-dependent mechanisms and stimulate smooth muscle
migration. Circ Res 77: 1121-1128, 1995.

Kobayashi H, Schmitt M, Goretzki L, Chucholowski N, Calvete J, Kramer M, Gunzler WA, Jänicke F, and
Graeff H. Cathepsin B efficiently activates the soluble and the tumor cell receptor-bound form of the proenzyme
urokinase-type plasminogen activator (pro-uPA). J Biol Chem 266: 5147-5152, 1991.

Koshelnick Y, Ehart M, Hufnagl P, Heinrich PC, and Binder BR. Urokinase receptor is associated with the
components of the JAK/STAT1 signaling pathway and leads to activation of this pathway upon receptor
clustering in the human kidney epithelial tumor cell line TCL-598. J Biol Chem 272: 28563-28567, 1997.

Koshelnick Y, Ehart M, Stockinger H, and Binder BR. Mechanisms of signaling through urokinase receptor
and the cellular response. Thromb Haemost 82: 305-311, 1999.



References 79
                                                                                                                                                                  

Kwaan HC, Keer HN, Radosevich JA, Cajot J-F, and Ernst R. Components of the plasminogen-plasmin
system in human tumor cell lines. Semin Thromb Hemostas 17: 175-182, 1991.

Laiho M, Saksela O, and Keski-Oja J. Transforming growth factor-b induction of type-1 plasminogen
activator inhibitor. Pericellular deposition and sensitivity to exogenous urokinase. J Biol Chem 262: 17467,
1987.

Laiho M, and Keski-Oja J. Growth factors in the regulation of pericellular proteolysis: a review. Cancer Res
49: 2533, 1989.

Lanotte M, Martin-Thouvenin V, Najman S, Ballerini P, Valensi F, and Berger R. NB4, a maturation
inducible cell line with t(15;17) marker isolated from a human acute promyelocytic leukemia (M3). Blood 77:
1080-1086, 1991.

Lanza F, Castoldi GL, Castagnari B, Todd III RF, Moretti S, Spisani S, Latorraca A, Focarile E, Roberti
MG, and Traniello S. Expression and functional role of urokinase-type plasminogen activator receptor in normal
and acute leukaemic cells. Brit J Haematol 103: 110-123, 1998.

Larson RA, Kondo K, Vardiman JW, Butler AE, Golob HM, and Rowley JD. Evidence for a 15:17
translocation in every patient with acute promyelocytic leukemia. Am J Med 76:  827-841, 1984.

Liesveld JL, Winslow JM, Frediani KE, Ryan DH, and Abboud CN. Expression of integrins and
examination of their adhesive function in normal and leukemic hematopoietic cells. Blood 81: 112-121, 1993.

Lijnen HR, and Collen D. Mechanisms of physiological fibrinolysis. Bailliere Clin Haem 8: 277-290, 1995.

List K, Jensen ON, Bugge TH, Lund LR, Ploug M, Danø K, and Behrendt N. Plasminogen-independent
initiation of the pro-urokinase activation cascade in vivo. Activation of pro-urokinase by clandular kallikrein
(mGK-6) in plasminogen-deficient mice. Biochemistry 39: 508-515, 2000.

Littler AJ, Buckley CD, Wordsworth P, Collins I, Martinson J, and Simmons DL. A distinct profile of six
soluble adhesion molecules (ICAM-1, ICAM-3, VCAM-1, E-selectin, L-selectin and P-selectin) in rheumatoid
arthritis. Br J Rheumatol 36: 164-169, 1997.

Loskutoff DJ, Curriden SA, Hu G, and Deng G. Regulation of cell adhesion by PAI-1. APMIS 107: 54-61,
1999.

Lu H, Mirshahi MC, Krief P, Soria J, Soria Z, Mishal O, Bertrand O, Perrot JY, Li H, Picot C, Pujade E,
Bernadou A, and Caen JP. Parallel induction of fibrinolysis and receptors for plasminogen and urokinase by
interferon gamma on U937 cells. Biochem Bioph Res Co 155: 418, 1988.

Lund LR, Rømer J, Rønne E, Ellis V, Blaso F, and Danø K. Urokinase-receptor biosynthesis, mRNA level
and gene transcription are increased by transforming growth factor β1 in human A549 lung carcinoma cells.
EMBO J 10: 3399, 1991.

Lund LR, Rømer J, Bugge TH, Nielsen BS, Frandsen TL, Degen JL, Stephens RW, and Danø K. Functional
overlap between two classes of matrix-degrading proteases in wound healing. EMBO J 18: 4645-4656, 1999.

Luscinskas FW, Kansas GS, Ding H, Pizcueta P, Schleiffenbaum BE, Tedder TF, and Gimbrone MAJ.
Monocyte rolling, arrest and spreading on IL-4 activated vascular endothelium under flow is mediated via
sequential action of L-selectin, β1-integrins, and β2-integrins. J Cell Biol 125: 1417-1427, 1994.

Lyons RM, Keski-Oja J, Moses HL. Proteolytic activation of latent transforming growth factor-β from
fibroblast-conditioned medium.  J Cell Biol 106: 1659, 1988.

Maio M, Pinto A, Carbone A, Zagonel V, Gloghini A, Marotta G, Cirillo D, Colombatti A, Ferrara F, Del
Vecchio L, and Ferrone S. Differential expression of CD54/intercellular adhesion molecule-1 in myeloid
leukemias and in lymphoproliferative disorders. Blood 76: 783-790, 1990.

Manchanda N, and Schwartz BS. Interaction of single-chain urokinase and plasminogen activator inhibitor
type 1. J Biol Chem 270: 20032-20035, 1995.



80 References
                                                                                                                                                                  

Mandriota SJ and Pepper MS. Vascular endothelial growth factor-induced in vitro angiogenesis and
plasminogen activator expression are dependent on endogenous basic fibroblast growth factor. J Cell Science
110: 2293, 1997.

Martin S, Rieckmann P, Melchers I, Wagner R, Bertrams J, Voskuyl AE, Roep BO, Zielasek J, Heidenthal
E, Weichselbraun I, Gallatin WM, and Kolb H. Circulating forms of ICAM-3 (cICAM-3). Elevated levels in
autoimmune diseases and lack of association with cICAM-1. Journal of Immunology 154: 1951-1955, 1995.

May AE, Kanse SM, Lund LR, Gisler RH, Imhof BA, and Preissner KT. Urokinase receptor (CD87)
regulates leucocyte recruitment via B2 integrins in vivo. J Exp Med 188: 1029-1037, 1998.

McDonnel GV, McMillan SA, Douglas SA, Droogan AG, and Hawkins SA. Serum soluble adhesion
molecules in multiple sclerosis: raised sVCAM-1, sICAM-1 and sE-selectin in primary progressive disease.
Journal of Neurology 246: 87-92, 1999.

McWilliam N, Robbie L, Booth N, and Bennet B. Plasminogen activator in acute myeloid leukaemic
marrows: u-PA in contrast to t-PA in normal marrow. Br J Haematol 101: 626-631, 1998.

McWilliam NA, Robbie LA, Barelle CJ, Adey G, Prasad S, Bennett B, and Booth NA. Evidence for an active
fibrinolytic system in normal human bone marrow. Br J  Haematol 93: 170-176, 1996.

Meerschaert J, and Furie MB. The adhesion molecules used by monocytes for migration across endothelium
include CD11a/CD18, CD11b/CD18, and VLA-4 on monocytes and ICAM-1, VCAM-1, and other ligands on
endothelium. Journal of Immunology 154: 4099-4012, 1995.

Menell JS, Cesarman GM, Jacovina AT, McLaughlin MA, Lev EA, and Hajjar KA. Annexin II and bleeding
in acute promyelocytic leukemia. New Engl J Med 340: 994-1004, 1999.

Mentzer SJ, Crimmins MAV, Burakoff SJ, and Faller DV. Alpha and beta subunits of the LFA-1 membrane
molecule are involved in human monocyte-endothelial cell adhesion. J Cell Physiol 130: 410-415, 1987.

Metcalf D. Control of granulocytes and macrophages: molecular, cellular, and clinical aspects. Science. 254:
529-533, 1991.

Mielcarek M, Sperling C, Schrappe M, Meyer U, Riehm H, and Ludwig W-D. Expression of intercellular
adhesion molecule 1 (ICAM-1) in childhood acute lymphoblastic leukemia: correlation with clinical features and
outcome. British Journal of Haematology 96: 301-307, 1997.

Mignatti P, and Rifkin DB. Biology and biochemistry of proteinases in tumor invasion. Physiol Rev 73:
161-195, 1993.

Miles LA, and Plow EF. Receptor mediated binding of the fibrinolytic components, plasminogen and
urokinase, to peripheral blood cells. Thromb Haemost 58: 936-942, 1987.

Min HY, Doyly LV, Vitt CR, Zandonella CL, Stratton-Thomas JR, Shuman MA, and Rosenberg S.
Urokinase receptor antagonists inhibit angiogenesis and primary tumor growth in syngeneic mice. Cancer Res
56: 2428-2433, 1996.

Mishima K, Mazar AP, Gown A, Skelly M, Ji X-D, Wang X-D, Jones TR, Cavenee WK, and Huang H-JS.
A peptide derived from the non-receptor-binding region of urokinase plasminogen activator inhibits glioblastoma
growth and angiogenesis in vivo in combination with cisplatin. Proc Natl Acad Sci USA 97: 8484-8489, 2000.

Miyake H, Hara I, Yamanaka K, Gohji K, Arakawa S, and Kamidono S. Elevation of serum levels of
urokinase-type plasminogen activator and its receptor is associated with disease progression and prognosis in
patients with prostate cancer. Prostate 39: 123-129, 1999.

Molica S, Dattilo A, Mannella A, and Levato D. Intercellular adhesion molecules (ICAMs) 2 and 3 are
frequently expressed in B cell chronic lymphocytic leukemia. Leukemia 10: 907-908, 1996.



References 81
                                                                                                                                                                  

Montuori N, Rossi G, and Ragno P. Cleavage of urokinase receptor regulates its interaction with integrins in
thyroid cells. FEBS Lett 460: 32-36, 1999.

Mustjoki S, Alitalo R, Stephens RW, and Vaheri A. Plasminogen activation in human leukemia and in
normal hematopoietic cells. APMIS 107: 144-149, 1999.

Myöhänen H, Stephens RW, Hedman K, Tapiovaara H, Rønne E, Høyer-Hansen G, Danø K, and Vaheri A.
Distribution and lateral mobility of the urokinase-receptor complex at the cell surface. J Histochem Cytochem
41: 1291-1301, 1993.

Nash MC, Wade AM, Shah V, and Dillon MJ. Normal levels of soluble E-selectin, soluble intercellular
adhesion molecule-1 (sICAM-1), and soluble vascular cell adhesion molecule-1 (sVCAM-1) decrease with age.
Clin Exp Immunol 103: 167-170, 1996.

Neuman T, Stephens RW, Salonen E-M, Timmusk T, and Vaheri A. Induction of morphological
differentiation of human neuroblastoma cells is accompanied by induction of tissue-type plasminogen activator. J
Neurosci Res 23: 274-281, 1989.

Nortamo P, Patarroyo M, Kantor C, Suopanki J, and Gahmberg CG. Immunological mapping of the human
leucocyte adhesion glycoprotein gp90 (CD18) by monoclonal antibodies. Scandinavian Journal of Immunology
28: 537-546, 1988.

Nykjaer A, Møller B, Todd III RF, Christensen T, Andreasen PA, Gliemann J, and Petersen CM. Urokinase
receptor. An activation antigen in human T lymphocytes. J Immunol 152: 505-516, 1994.

Nykjaer A, Conese M, Christensen EI, Olson D, Cremona O, Gliemann J, and Blasi F. Recycling of the
urokinase receptor upon internalization of the uPA:serpin complexes. EMBO J 16: 2610-2620, 1997.

Okawa M. Differentiation and proliferation of hematopoietic stem cells. Blood 81: 2844-2853, 1993.

Olofsson B, Korpelainen E, Pepper MS, Mandriota SJ, Aase K, Kumar V, Gunji Y, Jeltsch MM, Shibuya
M, Alitalo K, Eriksson U. Vascular endothelial growth factor B (VEGF-B) binds to VEGF receptor-1 and
regulates plasminogen activator activity in endothelial cells. Proc Nat Acad Sci USA 95: 11709, 1998.

Olson D, Pöllänen J, Høyer-Hansen G, Rønne E, Sakaguchi K, Wun T-C, Appella E, Danø K, and Blasi F.
Internalization of the urokinase-plasminogen activator inhibitor type-1 complex is mediated by the urokinase
receptor. J Biol Chem 267: 9129-9133, 1992.

Ossowski L, and Reich E. Antibodies to plasminogen activator inhibit human tumor metastasis. Cell 35:
611-619, 1983.

Ossowski L, and Aguirre-Ghiso JA. Urokinase receptor and integrin partnership: coordination of signaling for
cell adhesion, migration and growth. Curr Opin Cell Biol 12: 613-620, 2000.

Pappot H, Høyer-Hansen G, Rønne E, Hoi-Hansen H, Brunner N, Danø K, and Grøndahl-Hansen J. Elevated
levels of receptor for urokinase plasminogen activator in patients with non-small cell lung cancer. Eur J Cancer
33: 867-872, 1997.

Patarroyo M, Clark EA, Prieto J, Kantor C, and Gahmberg CG. Identification of a novel adhesion molecule
in human leukocytes by monoclonal antibody LB-2. FEBS Letters 210: 127-131, 1987.

Pedersen N, Schmitt M, Rønne E, Nicoletti M, Høyer-Hansen G, Conese M, Giavazzi R, Danø K, Kuhn W,
Jänicke F, and Blasi F. A ligand-free, soluble urokinase receptor is present in the ascitic fluid from patients with
ovarian cancer. J Clin Invest 92: 2160-2167, 1993.

Pino-Otín MR, Vinas O, de la Fuente MA, Juan M, Font J, Torradeflot M, Pallarés L, Lozano F, Alberola-
Ila J, Martorell J, Yague J, Vives J, and Gaya A. Existence of a soluble form of CD50 (Intercellular adhesion
molecule-3) produced upon human lymphocyte activation. Journal of Immunology 154: 3015-3024, 1995.

Plesner T, Ploug M, Ellis V, Rønne E, Høyer-Hansen G, Wittrup M, Pedersen TL, Tschering T, Danø K,
and Hansen NE. The receptor for urokinase-type plasminogen activator and urokinase is translocated from two



82 References
                                                                                                                                                                  

distinct intracellular compartments to the plasma membrane on stimulation of human neutrophils. Blood 83:
808-815, 1994a.

Plesner T, Rafkier E, Wittrup M, Johnsen H, Pyke C, Pedersen TL, Hansen NE, and Danø K. Expression of
the receptor for urokinase-type plasminogen activator in normal and neoplastic blood cells and hematopoietic
tissue. Am J Clin Pathol 102: 835-841, 1994b.

Plesner T, Behrendt N, and Ploug M. Structure, function and expression on blood and bone marrow cells of
the urokinase-type plasminogen activator receptor, uPAR. Stem Cells 15: 398-408, 1997.

Ploplis VA, Carmeliet P, Vazirzadeh S, Van Vlaenderen I, Moons L, Plow EF, and Collen D. Effects of
disruption of the plasminogen gene on thrombosis, growth, and health in mice. Circulation 92: 2585-2593,
1995.

Ploug M, Rønne E, Behrendt N, Jensen AL, Blasi F, and Danø K. Cellular receptor for urokinase
plasminogen activator. Carboxylterminal processing and membrane anchoring by glycosyl-phosphatidylinositol.
J Biol Chem 266: 1026-1033, 1991.

Ploug M, Eriksen J, Plesner T, Hansen NE, and Danø K. A soluble form of the glycolipid-anchored receptor
for urokinase-type plasminogen activator is secreted from peripheral blood leukocytes from patients with
paroxysmal nocturnal hemoglobinuria. Eur J Biochem 208: 397-404, 1992.

Ploug M, Ellis V, and Danø K. Ligand interaction between urokinase-type plasminogen activator and its
receptor probed with 8-anilino-1-naphtalenesulfonate. Evidence for a hydrophobic binding site exposed only on
the intact receptor. Biochemistry 33: 8991-8997, 1994.

Ponting CP, Marshall JM, and Cederholm-Williams SA. Plasminogen: a structural review. Blood Coagul
Fibrin 3: 605-614, 1992.

Preissner KT, Kanse SM, and May AE. Urokinase receptor: a molecular organizer in cellular communication.
Curr Opin Cell Biol 12: 621-628, 2000.

Pui C-H, Luo X, Evans W, Martin S, Rugg A, Wilimas J, Crist WM, and Hudson M. Serum intercellular
adhesion molecule-1 in childhood malignancy. Blood 82: 895-898, 1993.

Pyke C, Graem N, Ralfkaer E, Rønne E, Høyer-Hansen G, Brünner N, and Danø K. Receptor for urokinase
is present in tumor-associated macrophages in ductal breast carcinoma. Cancer Res 53: 1911-1915, 1993.

Pöllänen J, Stephens RW, and Vaheri A. Directed plasminogen activation at the surface of normal and
malignant cells. Adv Cancer Res 57: 273-328, 1991.

Rajput B, Degen SF, Reich E, Waller EK, Axelrod J, Eddy RL, and Shows TB. Chromosomal locations of
human tissue plasminogen activator and urokinase genes. Science 230: 672-674, 1985.

Raspadori D, Lauria F, Ventura MA, Rondelli D, and Tura S. Expression of adhesion molecules on acute
leukemic blast cells and sensitivity to normal LAK activity. Annals of Hematology 67: 213-216, 1993.

Redlitz A, and Plow EF. Receptors for plasminogen and t-PA: an update. Bailliere Clin Haem 8: 313-327,
1995.

Reijerkerk A, Voest EE, and Gebbink MFBG. No grip, no growth: the conceptual basis of excessive
proteolysis in the treatment of cancer. Eur J Cancer 36: 1695-1705, 2000.

Resnati M, Guttinger M, Valcamonica S, Sidenius N, Blasi F, and Fazioli F. Proteolytic cleavage of the
urokinase receptor substitutes for the agonist-induced chemotactic effect. EMBO J 15: 1572-1582, 1996.

Reuss-Borst MA, Buhring HJ, Klein G, and Muller CA. Adhesion molecules on CD34+ hematopoietic cells
in normal human bone marrow and leukemia. Ann of Hematol 65: 169-174, 1992.

Reuss-Borst MA, Klein G, Waller HD, and Muller CA. Differential expression of adhesion molecules in
acute leukemia. Leukemia 9: 869-874, 1995.



References 83
                                                                                                                                                                  

Rifkin DB, Mazzieri R, Munger JS, Noguera I, and Sung J. Proteolytic control of growth factor availability.
APMIS 107: 80, 1999.

Riittinen L, Limongi P, Crippa MP, Conese M, Hernandez-Marrero L, Fazioli F, and Blasi F. Removal of
domain D2 or D3 of the human urokinase receptor does not affect ligand affinity. FEBS Lett 381: 1-6, 1996.

Rijken DC. Plasminogen activators and plasminogen activator inhibitors: biochemical aspects. Bailliere Clin
Haem 8: 291-312, 1995.

Roldan AL, Cubellis MV, Masucci MT, Behrendt N, Lund LR, Danø K, Appella E, and Blasi F. Cloning
and expression of the receptor for human urokinase plasminogen activator, a central molecule in cell surface,
plasmin dependent proteolysis. EMBO J 9:  467-474, 1990.

Rømer J, Bugge TH, Pyke C, Lund LR, Flick MJ, Degen JL, and Danø K. Impaired wound healing in mice
with a disrupted plasminogen gene. Nat Med 2: 287-292, 1996.

Rønne E, Pappot H, Grøndahl-Hansen J, Høyer-Hansen G, Plesner T, Hansen NE, and Danø K. The receptor
for urokinase plasminogen activator is present in plasma from healthy donors and elevated in patients with
paroxysmal nocturnal haemoglobinuria. Br J Haematol 89: 576-581, 1995.

Rothlein R, Mainolfi EA, Czajkowski M, and Marlin S. A form of circulating ICAM-1 in human serum.
Journal of Immunology 147: 3788-3793, 1991.

Sakata Y, Murakami T, Noro A, Mori K, and Matsuda M. The specific activity of plasminogen activator
inhibitor-1 in disseminated intravascular coagulation with acute promyelocytic leukemia. Blood 77: 1949-1957,
1991.

Sanchez-Madrid F, Krensky AM, Ware CF, Robbins E, Strominger JL, Burakoff SJ, and Springer TA. Three
distinct antigens associated with human T-lymphocyte-mediated cytolysis: LFA-1, LFA-2, and LFA-3.
Proceedings of the National Academy of Sciences, USA 79: 7489-7493, 1982.

Sareneva T, Pirhonen J, Cantell K, Kalkkinen N, and Julkunen I. Role of N-glycosylation in the synthesis,
dimerization and secretion of human interferon-γ. Biochem J 303:  831-840, 1994.

Sareneva T, Pirhonen J, Cantell K, and Julkunen I. N-glycosylation of human interferon-γ: glycans at Asn-
25 are critical for protease resistance. Biochem J 308:   9-14, 1995.

Scherrer A, Wohlwend A, Kruithof EKO, Vassalli J-D, and Sappino A-P. Plasminogen activation in human
acute leukaemias. Brit J Haematol 105: 920-927, 1999.

Schmidt M, and Hoppe F. Increased levels of urokinase receptor in plasma of head and neck squamous cell
carcinoma patients. Acta Otolaryngol 119: 949-953, 1999.

Schmitt M, Harbeck N, Thomssen C, Wilhelm U, Magdolen V, Reuning U, Ulm K, Hofler H, Janicke F,
and Graeff H. Clinical impact of the plasminogen activation system in tumor invasion and metastasis:
prognostic relevance and target for therapy. Thromb Haemost 78: 285-296, 1997.

Seeds NW, Friedman G, Hayden S, Thewke D, Haffke S, McGuire P, and Krystosek A. Plasminogen
activators and their interaction with the extracellular matrix in neural development, plasticity and regeneration.
Semin Neurosci 8: 405-412, 1996.

Seeds NW, Basham ME, and Haffke SP. Neuronal migration is retarded in mice lacking the tissue
plasminogen activator gene. Proc Natl Acad Sci 1999: 14118-14123, 1999.

Shapiro RL, Duquette JG, Roses DF, Nunes I, Harris MN, Kamino H, Wilson EL, and Rifkin DB.
Induction of primary cutaneous melanocytic neoplasms in urokinase-type plasminogen activator (uPA)-deficient
and wild-type mice: cellular blue nevi invade but do not progress to malignant melanoma in uPA-deficient
animals. Cancer Res 56: 3597-3604, 1996.



84 References
                                                                                                                                                                  

Sidenius N, and Blasi F. Domain 1 of the urokinase receptor (uPAR) is required for uPAR-mediated cell
binding to vitronectin. FEBS Lett 470: 40-46, 2000.

Sidenius N, Sier CFM, and Blasi F. Shedding and cleavage of the urokinase receptor (uPAR): Identification
and characterisation of uPAR fragments in vitro and in vivo. FEBS Lett 475: 52-56, 2000.

Sier CFM, Stephens RW, Bizik J, Mariani A, Bassan M, Pedersen N, Frigerio L, Ferrari A, Danø K,
Brünner N, and Blasi F. The level of urokinase type plasminogen activator receptor is increased in serum of
ovarian cancer patients. Cancer Res 58: 1843-1849, 1998.

Sier CFM, Sidenius N, Mariani A, Aletti G, Agape V, Ferrari A, Casetta G, Stephens RW, Brünner N, and
Blasi F. Presence of urokinase-type plasminogen activator receptor in urine of cancer patients and its possible
clinical relevance. Lab Invest 79: 717-722, 1999.

Simon DI, Wei Y, Zhang L, Rao NK, Xu H, Chen Z, Liu Q, Rosenberg S, and Chapman H. Identification
of a urokinase receptor-integrin interaction site. Promiscuous regulator of integrin function. J Biol Chem 275:
10228-10234, 2000.

Sirén V, Myöhänen H, Vaheri A, and Immonen I. Transforming growth factor beta induces urokinase
receptor expression in cultured retinal pigment epithelial cells. Ophthalmic Res 31: 184, 1999.

Smith CW, Rothlein R, Hughes BJ, Mariscalco MM, Rudloff HE, Schmalstieg FC, and Anderson DC.
Recognition of an endothelial determinant for CD18-dependent human neutrophil adherence and transendothelial
migration. J Clin Invest 82: 1746-1756, 1988.

Smith CW, Marlin SD, Rothlein R, Toman C, and Anderson DC. Cooperative interactions of LFA-1 and
Mac-1 with intercellular adhesion molecule-1 in facilitating adherence and transendothelial migration of human
neutrophils in vitro. Journal of Clinical Investigation 83: 2008-2017, 1989.

Solberg H, Rømer J, Brünner N, Holm A, Sidenius N, Danø K, and Høyer-Hansen G. A cleaved form of the
receptor for urokinase-type plasminogen activator in invasive transplanted human and murine tumors. Int J
Cancer 58: 877-881, 1994.

Sprengers ED, and Kluft C. Plasminogen activator inhibitors. Blood 69: 381-387, 1987.

Stefansson S, and Lawrence DA. The serpin PAI-1 inhibits cell migration by blocking integrin αvβ3
binding to vitronectin. Nature 383: 441-443, 1996.

Stephens RW, Leung K-C, Pöllänen J, Salonen E-M, and Vaheri A. Microplate immunocapture assay for
plasminogen activators and their specific inhibitors. J Immunol Methods 105: 245-251, 1987.

Stephens R, Alitalo R, Tapiovaara H, and Vaheri A. Production of an active urokinase by leukemia cells: A
novel distinction from cell lines of solid tumors. Leukemia Res 12: 419-422, 1988.

Stephens RW, Aumailley M, Timpl R, Reisberg T, Tapiovaara H, Myöhänen H, Murphy-Ullrich J, and
Vaheri A. Urokinase binding to laminin-nidogen. Structural requirements and interactions with heparin. Eur J
Biochem 207: 937-942, 1992.

Stephens RW, Tapiovaara H, Alitalo R, Reisberg T, Lymboussakis A, Myöhänen H, and Vaheri A. Cell-
surface plasminogen activation and leukemia. Fibrinolysis 6: 35-39, 1992.

Stephens RW, Pedersen A, Nielsen HJ, Hamers M, Høyer-Hansen G, Rønne E, Dybkjaer E, Danø K, and
Brünner N. ELISA determination of soluble urokinase receptor in blood from healthy donors and cancer patients.
Clin Chem 43: 1868-1876, 1997.

Stephens RW, Brünner N, Jänicke F, and Scmitt M. The urokinase plasminogen activator system as a target
for prognostic studies in breast cancer. Breast Cancer Res Tr 52: 99-111, 1998.

Stephens RW, Nielsen HJ, Christensen IJ, Thorlacius-Ussing O, Sørensen S, Danø K, and Brünner N.
Plasma urokinase receptor levels in patients with colorectal cancer: relationship to prognosis. J Natl Cancer Inst
91: 869-874, 1999.



References 85
                                                                                                                                                                  

Stoppelli MP, Corti A, Sofficientini A, Cassani G, Blasi F, and Assoian R. Differentiation-enhanced
binding of the amino-terminal fragment of human urokinase plasminogen activator to a specific receptor on
U937 monocytes. Proc Natl Acad Sci USA 82: 4939-4943, 1985.

Stoppelli MP, Tacchetti C, Cubellis MV, Corti A, Hearing VJ, Cassani G, Appella E, and Blasi F.
Autocrine saturation of prourokinase receptors on human A431 cells. Cell 45: 675-684, 1986.

Sudhoff T, Wehmeier A, Kliche KO, Aul C, Schlömer P, Bauser U, and Schneider W. Levels of circulating
endothelial adhesion molecules (sE-selectin and sVCAM-1) in adult patients with acute leukemia. Leukemia 10:
682-686, 1996.

Taipale J, and Keski-Oja J. Growth factors in the extracellular matrix. FASEB J 11: 51-59, 1997.

Taipale J, Saharinen J, and Keski-Oja J. Extracellular matrix-associated transforming growth factor-b: role in
cancer cell growth and invasion. Adv Cancer Res 75: 87-134, 1998.

Takahashi M, Ikeda U, Masuyama J-I, Kitagawa S-I, Kasahara T, Saito M, Kano S, and Shimada K.
Involvement of adhesion molecules in human monocyte adhesion to and transmigration through endothelial cells
in vitro. Atherosclerosis 108: 73-81, 1994.

Tallman MS, and Kwaan HC. Reassessing the hemostatic disorder associated with acute promyelocytic
leukemia. Blood 79: 543-553, 1992.

Tallman MS, Andersen JW, Schiffer CA, Appelbaum FR, Feusner JH, Ogden A, Shepherd L, Willman C,
Bloomfield CD, Rowe JM, and Wiernik PH. All-trans-retinoic acid in acute promyelocytic leukemia. N Engl J
Med 337: 1021-1028, 1997.

Tapiovaara H, Vaheri A, Alitalo R, Pheng-Siew S, Woodrow G, and Stephens RW. Enhanced activation of
prourokinase by human RC2A leukemia cells. Semin Thromb Hemostas 17:  251-261, 1991.

Tapiovaara H, Alitalo R, Stephens RW, Myöhänen H, Ruutu T, and Vaheri A. Abundant urokinase activity
on the surface of mononuclear cells from blood and bone marrow of acute leukemia patients. Blood 82: 914-919,
1993.

Tapiovaara H, Matikainen S, Hurme M, and Vaheri A. Induction of differentiation of promyelocytic NB4
cells by retinoic acid is associated with rapid increase in urokinase activity subsequently downregulated by
production of inhibitors. Blood 83: 1883-1891, 1994.

Tapiovaara H, Alitalo R, and Vaheri A. Plasminogen acvtivation on tumor cell surface and its involvement
in human leukemia. Adv Cancer Res 69: 101-133, 1996.

Te Velde AA, Keizer GD, and Figdor CG. Differential function of LFA-1 family molecules (CD11 and
CD18) in adhesion of human monocytes to melanoma and endothelial cells. Immunology 61: 261-267, 1987.

The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group. Tissue plasminogen
activator for acute ischemic stroke. N Engl J Med 333: 1581-1587, 1995.

Tiisala S, Majuri M-L, Carpén O, and Renkonen R. Enhanced ICAM-1-dependent adhesion of
myelomonocytic cells expressing increased levels of β2-integrins and CD43. Scandinavian Journal of
Immunology 39: 249-256, 1994.

Tressler RJ, Pitot PA, Stratton JR, Forrest LD, Zhuo S, Drummond RJ, Fong S, Doyle MV, Doyle LV,
Min HY, and Rosenberg S. Urokinase receptor antagonists: discovery and application to in vivo models of tumor
growth. APMIS 107: 168-173, 1999.

Tripputi P, Blasi F, Verde P, Cannizzaro LA, Emanuel BS, and Croce CM. Human urokinase gene is located
on the long arm of chromosome 10. Proc Natl Acad Sci 82: 4448-4452, 1985.

Tsirka SE, Gualandris A, Amaral DG, and Strickland S. Excitotoxin-induced neuronal degeneration and
seizure are mediated by tissue plasminogen activator. Nature 377: 340-344, 1995.



86 References
                                                                                                                                                                  

van Hinsbergh VWM, van der Berg EA, Fiers W, and Dooijewaard G. Tumor necrosis factor induces the
production of urokinase-type plasminogen activator by human endothelial cells. Blood 75: 1991, 1990.

Vassalli J-D, Baccino D, and Belin D. A cellular binding site for the Mr 55,000 form of the human

plasminogen activator, urokinase. J Cell Biol 100: 86-92, 1985.

Vincent AM, Cawley JC, and Burthem J. Integrin function in chronic lymphocytic leukemia. Blood 87:
4780-4788, 1996.

Wada H, Kumeda Y, Ogasawara Z, Ohiwa M, Toshihiro K, Tamaki S, Ohno T, Kageyama S, Kobayashi T,
Deguchi K, and Shirakawa S. Plasminogen activators and their inhibitors in leukemic cell homogenates. Am J
Hematol 42: 166-170, 1993.

Wahlberg K, Hoyer-Hansen G, and Casslen B. Soluble receptor for urokinase plasminogen activator in both
full-length and a cleaved form is present in high concentration in cystic fluid from ovarian cancer. Cancer Res 58:
3294-3298, 1998.

Waltz DA, Sailor LZ, and Chapman HA. Cytokines induce urokinase-dependent adhesion of human myeloid
cells. A regulatory role for plasminogen activator inhibitors. J Clin Invest 91: 1541, 1993.

Waltz DA, Fujita RM, Yang X, Natkin L, Zhuo S, Gerard CJ, Rosenberg S, and Chapman HA.
Nonproteolytic role for the urokinase receptor in cellular migration in vivo. Am J Respir Cell Mol Biol 22: 316-
322, 2000.

Warrell RPJ, Frankel SR, Miller WH, Scheinberg DA, Itri LM, Hittelmann WN, Vyas R, Andreeff M,
Tafuri A, Jakubowski A, Gabrilove J, Gordon MS, and Dmitrovsky E. Differentiation therapy of acute
promyelocytic leukemia with tretinoin (all-trans-retinoic acid). N Engl J Med 324: 1385-1393, 1991.

Warrell RPJ, de Thé H, Wang Z-Y, and Degos L. Acute promyelocytic leukemia. N Engl J Med 329: 177-
189, 1993.

Warrell RPJ. Clinical and molecular aspects of retinoid therapy for acute promyelocytic leukemia. Int J
Cancer 70: 496-497, 1997.

Wei Y, Waltz DA, Rao N, Drummond RJ, Rosenberg S, and Chapman HA. Identification of the urokinase
receptor as an adhesion receptor for vitronectin. J Biol Chem 269: 32380-32388, 1994.

Wei Y, Lukashev M, Simon DI, Bodary SC, Rosenberg S, Doyle MV, and Chapman H. Regulation of
integrin function by the urokinase receptor. Science 273: 1551-1555, 1996.

Werb Z, Mainardi CL, Vater CA, and Harris ED. Endogenous activation of latent collagenase by rheumatoid
synovial cells. New Engl J Med 296: 1017-1023, 1977.

Werb Z, Vu TH, Rinkenberger JL, and Coussens LM. Matrix-degrading proteases and angiogenesis during
development and tumor formation. APMIS 107: 11-18, 1999.

Wilhelm OG, Wilhelm S, Escott GM, Lutz V, Magdolen V, Schmitt M, Rifkin DB, Wilson EL, Graeff H,
and Brunner G. Cellular glycosylphosphatidylinositol-specific phospholipase D regulates urokinase receptor
shedding and cell surface expression. J Cell Physiol 180: 225-235, 1999.

Wilson EL, Jacobs P, and Dowdle EB. The effects of dexamethasone and tetradecanoyl phorbol acetate on
plasminogen activator release by human acute myeloid leukemia cells. Blood 61: 561, 1983a.

Wilson EL, Jacobs P, and Dowdle EB. The secretion of plasminogen activators by human myeloid leukemic
cells in vitro. Blood 61: 568-574, 1983b.

Wilson L, and Francis GE. Differentiation-linked secretion of urokinase and tissue plasminogen activator by
normal human hemopoietic cells. J Exp Med 165: 1609-1623, 1987.



References 87
                                                                                                                                                                  

Wilson EL, Jacobs P, Francis GE, Oliver L, Burger P, and Dowdle EB. Secretion of plasminogen activators
by normal bone marrow cells and leukaemic myeloid cells. Fibrinolysis 6: 77-79, 1992.

Wojta J, Kaun C, Breuss JM, Koshelnick Y, Beckmann R, Hattey E, Mildner M, Weninger W, Nakamura T,
Tschachler E, Binder BR. Hepatocyte growth factor increases expression of vascular endothelial growth factor and
plasminogen activator inhibitor-1 in human keratinocytes and the vascular endothelial growth factor receptor flk-
1 in human endothelial cells. Lab Invest 79: 427, 1999.

Woodhead VE, Stonehouse TJ, Binks MH, Speidel K, Fox DA, Gaya A, Hardie D, Henniker AJ, Horejsi V,
Sagawa K, Skubitz KM, Taskov H, Todd III RF, van Agthoven A, Katz DR, and Chain BM. Novel molecular
mechanisms of dendritic cell-induced T cell activation. Int Immunol 12: 1051-1061, 2000.

Woska JR, Morelock MM, Durham Jeanfavre D, Gaviness GO, Bormann B-J, and Rothlein R. Molecular
comparison of soluble intercellular adhesion molecule (sICAM)-1 and sICAM-3 binding to lymphocyte function-
associated antigen-1. J Biol Chem 273: 4725-4733, 1998.

Wun T-C, Ossowski L, and Reich E. A proenzyme form of human urokinase. J Biol Chem 257: 7262-7268,
1982a.

Wun TC, Schleuning WD, and Reich E. Isolation and characterization of urokinase from human plasma. J
Biol Chem 257: 3276-3283, 1982b.

Xie J, Li R, Kotovuori P, Vermot-Desroches C, Wijdenes J, Arnaout MA, Nortamo P, and Gahmberg CG.
Intercellular adhesion molecule-2 (CD102) binds to the leukocyte integrin CD11b/CD18 through the A domain.
Journal of Immunology 155: 3619-3628, 1995.

Xing RH, Mazar A, Henkin J, and Rabbani SA. Prevention of breast cancer growth, invasion, and metastasis
by antiestrogen tamoxifen alone or in combination with urokinase inhibitor B-428. Cancer Res 57: 3595-3593,
1997.

Xue W, Mizukami I, Todd RFI, and Petty HR. Urokinase-type plasminogen activator receptors associate
with β1 and β3 intergrins of fibrosarcoma cells: Dependence on extracellular matrix components. Cancer Res 57:
1682-1689, 1997.

Yebra M, Goretzki L, Pfeifer M, and Mueller BM. Urokinase-type plasminogen activator binding to its
receptor stimulates tumor cell migration by enhancing integrin-mediated signal transduction. Exp Cell Res 250:
231-240, 1999.


	TABLE OF CONTENTS
	ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	SUMMARY
	INTRODUCTION
	REVIEW OF THE LITERATURE
	AIMS AND OUTLINE OF THE PRESENT STUDY
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	PERSPECTIVES
	ACKNOWLEDGEMENTS
	REFERENCES

