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Plasminogen activation system, which belongs to the
most broadly distributed in animal and human organism
proteolytic systems, is implicated in a variety of physiologi-
cal and pathological processes [1-9]. Its functional activity

was found to be correlated with several cellular functions,
such as adhesion, migration and invasiveness [10-12].

The components of plasminogen activation system
urokinase and tissue-type plasminogen activator (uPA,
tPA), their receptors (uPAR and tPAR) and inhibitors
(PAI-1, PAI-2) are widely expressed in the cells from
both normal and tumor tissues, including ciculating blood
cells and their bone marrow precursors [13-20]. Several
transformed haemopoietic cell lines were established to
express the components of plasminogen añtivàtion sys-
tem [14, 16, 19]. However, regulation of expression of
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In present research the abilities of leukemic cell lines K562, U937 and THP-1 to modulate expression of the components
of plasminogen activation system under the influences of tumor promoter, phorbol myristate acetate (PMA), and
antiproliferative agents, tumor necrosis factor a (TNF-a) and interferon-a (IFN-a) were studied. PMA was found to
cause the significant increase in urokinase receptor (uPAR) and urokinase (uPA) molecules expression in both
permeabilized and non-permeabilized cells of the investigated lines. TNF-a stimulated expression of uPA and plasminogen
activator inhibitor type-1 (PAI-1) molecules in permeabilized THP-1 cells, and promoted the decrease in surface level
of uPAR molecules in THP-1 cells. IFN-a did not influence the cell surface levels of the components of plasminogen
activation system, but markedly stimulated the intracellular expression of PAI-1 in U937 and THP-1 cells. At the
same time IFN-a decreased a rate of uPAR molecules expression in permeabilized THP-1 cells. The data suggest, that
influence of TNF-a and IFN-a on the expression of the components of plasminogen activator system can represent a
link in the mechanisms of antitumor activities of investigated cytokines and can mediate their inhibitory action on
several functions of leukemic cells.
Key Words: leukemic cells, components of plasminogen activation system, interferon-a, phorbol myristate acetate,
tumor necrosis factor a.

Èññëåäîâàëè ñïîñîáíîñòü ëåéêåìè÷åñêèõ êëåòîê ëèíèé K562, U937 è THP-1 ìîäóëèðîâàòü ýêñïðåññèþ êîìïî-
íåíòîâ ñèñòåìû àêòèâàöèè ïëàçìèíîãåíà ïîä âëèÿíèåì ïðîìîòîðà îïóõîëåâîãî ðîñòà ôîðáîëìèðèñòàòàöåòàòà
(ÔÌÀ) è àíòèïðîëèôåðàòèâíûõ àãåíòîâ ôàêòîðà íåêðîçà îïóõîëåé a (ÔÍÎ-a) è èíòåðôåðîíà-a (ÈÔÍ-a).
Âûÿâëåíî, ÷òî ÔÌÀ âûçûâàåò çíà÷èòåëüíîå ïîâûøåíèå óðîâíÿ ýêñïðåññèè ìîëåêóë óðîêèíàçíîãî òèïà àêòè-
âàòîðà ïëàçìèíîãåíà (óÀÏ) è åãî ðåöåïòîðà (óÀÏÐ) êàê â ïåðìåàáèëèçèðîâàííûõ, òàê è â íåïåðìåàáèëèçèðî-
âàííûõ êëåòêàõ èññëåäóåìûõ ëèíèé. ÔÍÎ-a ñòèìóëèðîâàë ýêñïðåññèþ ìîëåêóë óÀÏ è èíãèáèòîðà àêòèâàòî-
ðîâ ïëàçìèíîãåíà 1-ãî òèïà (ÈÀÏ-1) â ïåðìåàáèëèçèðîâàííûõ êëåòêàõ è ñïîñîáñòâîâàë ñíèæåíèþ óðîâíÿ
óÀÏÐ íà ïîâåðõíîñòè êëåòîê ÒÍÐ-1. ÈÔÍ-a íå âëèÿë íà óðîâåíü ìîëåêóë êîìïîíåíòîâ ñèñòåìû àêòèâàöèè
ïëàçìèíîãåíà íà ïîâåðõíîñòè êëåòîê, íî çíà÷èòåëüíî ñòèìóëèðîâàë ïðîöåññ âíóòðèêëåòî÷íîé ýêñïðåññèè ÈÀÏ-1
â êëåòêàõ U937 è THP-1. Âìåñòå ñ òåì, ÔÍÎ-a ñïîñîáñòâîâàë ñíèæåíèþ óðîâíÿ ýêñïðåññèè ìîëåêóë óÀÏÐ â
ïåðìåàáèëèçèðîâàííûõ êëåòêàõ ëèíèè THP-1. Ïðåäïîëàãàåòñÿ, ÷òî âûÿâëåííûå ýôôåêòû ÔÍÎ-a è ÈÔÍ-a
íà ýêñïðåññèþ êîìïîíåíòîâ ñèñòåìû àêòèâàöèè ïëàçìèíîãåíà ìîãóò áûòü çâåíîì â ìåõàíèçìå èíãèáèðóþùåãî
äåéñòâèÿ óêàçàííûõ öèòîêèíîâ íà ôóíêöèîíàëüíóþ àêòèâíîñòü ëåéêåìè÷åñêèõ êëåòîê.
Êëþ÷åâûå ñëîâà: ëåéêåìè÷åñêèå êëåòêè, êîìïîíåíòû ñèñòåìû àêòèâàöèè ïëàçìèíîãåíà, èíòåðôåðîí-a, ôîð-
áîëìèðèñòàòàöåòàò, ôàêòîð íåêðîçà îïóõîëåé-a.
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the components of plasmiîgen añtivàtion system in leu-
kemic cells, in particular, the responsiveness of these
molecules to negative regulators of cell growth have not
been studied completely. It was the aim of present re-
search to estimate the intensity of expression of plas-
minogen activators (uPA, tPA), urokinase receptor
(uPAR) and inhibitor type-1 (PAI-1) by leukemic cell lines
(erythromyeloid line K562, monocytoid lines U937 and
THP-1), and to investigate the ability of the cells to
modulate expression of these molecules under the in-
fluences of tumor promoter, phorbol myristate acetate
(PMA) and antiproliferative agents, tumor necrosis fac-
tor a (TNF-a), and interferon-a (IFN-a) [21-24].

MATERIALS AND METHODS
Cell cultures. The human erythromyeloid K562 and

monocytoid U937 and THP-1 cell lines were cultured in
medium consisting of RPMI-1640 (Sigma) supplemen-
ted with penicillin (100 U/mL), streptomycin (100 mg/mL),
fungizone (0.25 mg/mL), and 5% (in the cases of K562
and U937 cells) or 10% (in the case of THP-1 cells) heat
inactivated calf serum supplemented with Fe2+ (HyClone,
Logan, USA). Cells were cultured in humidified air con-
taining 5% CO2 at 37°C, and were routinely passed into
50 ml of fresh medium by seeding 5 · 106 cells into 75 cm2

flasks (IWAKI, Japan) at 2- to 3-day intervals.
Stimulation by PMA and cytokines. Cells were

washed in RPMI-1640 and suspended in serum-sup-
plemented medium, dispensed (106 cells in 2 ml) in 16 mm
polystyrene culture dishes (IWAKI, Japan) and incubated
with either PMA (100 nmol), TNF-a (500 U/mL) or IFN-a
(500 U/mL). After 24 h incubation period, cells were re-
suspended and collected by centrifugation.

Immunolabeling. Cells were resuspended in staining
buffer (phosphate-buffered saline [PBS] with 1% bovine
serum albumin [BSA] and 0.1% sodium azide, pH 7.4).
To measure the amounts of cell surface associated uPAR,
uPA, tPA and PAI-1, cells were incubated, respectively,
with the murine monoclonal antibody against human uPAR
(American Diagnostica Inc, USA), and with murine mon-
oclonal antibodies against human uPA, tPA and PAI-1
molecules (TechnoClone, Vienna, Austria) for 1 h and
washed three times by PBS. Secondary staining was
performed for 1 h at 4°C with the R-phycoerythrin-con-
jugated horse antimouse IgG. For negative controls, cells
were stained in parallel with the secondary antibody alone
and with an irrelevant primary antibody.

To measure the intracellular pools of uPAR, uPA,
tPA and PAI-1 molecules, cells were permeabilized with
0,025% saponine before the addition of antibodies.

The fixation of cells was performed by treatment
with 4% paraformaldehyde.

Immunofluorescence and flow cytometric ana-
lysis. Immunofluorescence intensity was assessed as
a measure of relative antigen expression, using a FAC-
Sort flow cytometer (Becton Dickinson, USA). Specific
fluorescence intensity was calculated by subtracting the
values of the negative controls, using the linear scale.

RESULTS
To estimate the levels of expression of the compo-

nents of plasminogen activation system by leukemic

cell lines, K562, U-937 and THP-1 cells were stained
for surface-associated and intracellular uPAR, uPA, tPA
and PAI-1 molecules. In the experiments, directed on
the investigation of PMA and cytokines influences on
the rates of expression of above mentioned molecules,
K562, U937 and THP-1 cells were stimulated by PMA;
U937 and THP-1 cells were stimulated by TNF-a and
IFN-a. Following PMA stimulation K562, U937 and
THP-1 cells were stained for surface and intracellular
uPAR, uPA and tPA. In the cases of TNF-a and IFN-a
treatment U937 and THP-1 cells were stained for sur-
face and intracellular uPAR, uPA, tPA and PAI-1.

The mean fluorescence intensities of fibrinolytic mole-
cules staining were determined on a linear scale and non-
specific staining was subtracted. The effects of cytokines
on the intensities of expression of investigated molecules
were estimated as a stimulation index with unstimulated
control cells stained in parallel serving as a standard.

Investigation of expression of the components
of plasminogen activation system in K562, U-937
and THP-1 cells. The results of investigations show,
that the cells of K562 line produce mainly tissue type PA
and plasminogen activator inhibitor type-1 molecules,
while the levels of uPA and uPAR expression by these
cells are very low. Monocytoid cell lines U937 and THP-1
produce both tPA and urokinase, as well as urokinase
receptor and PAI-1 in significant amounts (Fig. 1).

Effects of PMA on expression of the compo-
nents of plasminogen activation system in K562,
U937 and THP-1 cells. Treatment by phorbol myristate
acetate (PMA) caused the significant increase in uPAR
molecules expression in all three investigated cell lines

Fig. 1. Expression of the components of plasminogen activation
system by K-562, U937 and THP-1 cell lines
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including erythromyeloid K562 cell line, which ex-
pressed very low levels of uPAR antigen under resting
conditions. The effects were observed in both perme-
abilized and non-permeabilized cells (Fig. 2�4). At the
same time PMA stimulated the intracellular expression
of uPA in K562 and, in a less degree, in THP-1 cell
lines (Fig. 2, 4).

Effects of TNF-a on expression of the compo-
nents of plasminogen activation system in U937 and
THP-1 cells. Stimulation of the U937 cells by TNF-a pro-
duced the 1.94-fold increase in intracellular amount of
uPA molecules and slight augmentation in intracellular
uPAR pool (Fig. 5; Table). This cytokine, however, did not
influence the cell surface expression of the components

of plasminogen activation system in mentioned cell line.
TNF-a treatment of THP-1 cells lead to the 3.72- and
1.73-fold increases in the rates of intracellular PAI-1 and
uPA expression, respectively. These changes were ac-
companied by the 1.56- and 2.07-fold decreases in the
levels of uPAR expression in permeabilized and non-per-
meabilized THP-1 cells (Fig. 6; Table).

Effects of IFN-a on expression of the compo-
nents of plasminogen activation system in U937
and THP-1 cells. Treatment of the cells by IFN-a did
not influence significantly the levels of surface associ-
ated molecules of plasminogen activation system in
both investigated cell lines, but resulted in 1.35- and
1.54-fold increase in the levels of PAI-1 in permeabi-
lized U937 and THP-1 cells, respectively. At the same
time the 2.13-fold increase of tPA molecules pool was
found in permeabilized U937 cell line, and 1.81-fold
decrease in the rate of intracellular expression of uPAR
was observed in THP-1 cells under the influence of
IFN-a (Fig. 7, 8; Table).

Fig. 2. Intracellular and plasma membrane associated uPAR, uPA
and tPA in PMA-stimulated K-562 cells

Fig. 3. Intracellular and plasma membrane associated u-PAR,
uPA and tPA in PMA-stimulated U937 cells

Fig. 4. Intracellular and plasma membrane associated uPAR, uPA
and tPA in PMA-stimulated THP-1 cells
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Fig. 5. Intracellular and plasma membrane associated uPAR, uPA,
tPA and PAI-1 in TNF-a stimulated U937 cells

Fig. 6. Intracellular and plasma membrane associated uPAR, uPA,
tPA and PAI-1 in TNF-a stimulated THP-1 cells

Fig. 7. Intracellular and plasma membrane associated uPAR, uPA,
tPA and PAI-1 in IFN-a stimulated U937 cells

Fig. 8. Intracellular and plasma membrane associated uPAR, uPA,
tPA and PAI-1 in IFN-a stimulated THP-1 cells
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DISCUSSION
It is known that several cellular functions, such as

proliferation, adhesion, migration and invasiveness are
dependent on the level of plasminogen activation at
the cell surface [2-4, 6, 10, 11, 25]. The intensity of this
process is connected with the rates of binding of plas-
minogen activators by their cellular receptors, and of-
ten depends on the rate of expression of surface-as-
sociated uPAR molecules [9, 25, 26]. In particular, uroki-
nase receptor facilitates tumor cell invasion and
metastasis by focusing uPA proteolytic activity to the
cell surface [8]. Besides that, uPAR can directly induce
chemotaxis and modify cell adhesion by undergoing
ligand-mediated conformational changes [9, 11, 12].
On the other hand, uPAR undergoes a turnover, medi-
ated by binding and uptake of uPA-PAI-1 complexes
by a transmembrane protein, the low-density lipopro-
tein (LDL) receptor-related protein (LRP) [10, 27]. Thus,
changes in the rates of synthesis and secretion of uPA
and PAI-1 molecules, as well as alterations in the in-
tensities of formation and internalization of uPA-PAI-1
complexes can significantly alter the level of uPAR ex-
pression at the cell surface, and, respectively, can in-
fluence the functional activities of the cells.

The intensities of expression of the components of
plasminogen activation system is known to be effected
by a variety of bioregulators. In particular, phorbol esters
were shown to be the inducers of expression of uPAR
molecules at the surfaces of several cells [16, 28, 29].
Our results show, that stimulation of the cells by phorbol
myristate acetate cause the significant increase in uPAR
molecules expression in both permeabilized and non-
permeabilized U937 and THP-1 cell lines. According to
our data, PMA treatment induces a marked increase in
the amounts of surface-associated and intracellular
molecules of uPAR in erythromyeloid K562 cell line, which
expresses very low levels of uPAR antigen under res-
ting conditions. At the same time, we observed the sig-
nificant increase in intracellular uPA pools in both K562
and THP-1 cell lines under PMA action. Taking into con-
sideration these data, it can be suggested, that the ef-
fects of tumor promoters, in particular, the influence of
PMA on the functional activities of some cell types is
mediated by stimulation of the process of plasminogen
activation at the cell surface.

Several cytokines, in particular, the negative regu-
lators of cell growth, were established to participate in
the regulation of intracellular synthesis of the compo-
nents of plasminogen activation system and to modify
the intensity of their cell surface expression [26, 30-
34]. The functional activity of plasminogen activation
system was shown to be regulated by TNF-a an in-
flammatory cytokine, that can promote either cellular
activation or programmed cell death by triggering dif-
ferent signalling pathways [35-37]. According to the
available data, TNF-a is an effective inducer of both
the uPA and PAI-1 synthesis in endothelial cells [37]
and stimulates the synthesis of PAI-1 mRNA and uPAR
mRNA synthesis in U937 cell line [34]. In present study
we found the significant increase in the rate of uPA in-

tracellular expression and slight augmentation in the
intracellular uPAR level under the influence of TNF-a
in U937 cells. However, the levels of cell surface-as-
sociated components of plasminogen activation sys-
tem were not effected after the stimulation of U937 cells
by this cytokine.

The TNF-a treatment of THP-1 cells lead to the
simultaneous increase in uPA and PAI-1 intracellular
levels. These changes were followed by significant
decrease in surface uPAR level, suggesting the parti-
cipation of uPA and PAI-1 molecules, which have been
producing and secreting by monocytoid cells, in the
regulation of uPAR turnover. At the same time, the data
suggest, that despite of activation of uPA synthesis,
the level of plasminogen activation at the cell surface
under TNF-a influence is small and does not result in
significant increase in the rate of plasmin formation.

INF-a belongs to a cytokine family that exhibits an-
tiviral properties, immunomodulating effects, and anti-
proliferative activity on normal and transformed cells
[23, 24]. These diverse properties are mediated through
binding to a high-affinity cell surface receptor which, in
turn, activates a variety of intracellular signals and
modulates gene expression [38, 39]. IFN-a has been
widely used as an antitumor agent because of its
growth-inhibitory effects [40-42]. This cytokine has
been shown to be therapeutically effective in the treat-
ment of certain types of leukemias and lymphomas [43-
46]. The molecular mechanisms leading to such ef-
fects, however, have not been fully elucidated. The
available data suggest that inhibition of plasminogen
activation process can represent a link in mechanisms
of suppressive influences of several agents on tumor
cell invasiveness [6, 7].

Our results show, that IFN-a exerts a stimulatory
effect on intracellular expression of PAI-1 in U937 and
THP-1 cell lines, and promotes an increase in the in-
tracellular tPA pool in U937 cells. The stimulation of
both the plasminogen activators and PAI-1 secretion
by the cells of human tissues after IFN-a treatment
in vivo was observed by other investigators [47]. Thus,
the results obtained by us and others suggest, that
IFN-a can contribute to both activation and inhibition
of plasminogen activation system in human organism
[47, 48]. At the same time, we found a decrease in in-
tracellular expression of uPAR in THP-1 cells under
the action of this cytokine. These data suggest the pos-
sibility of IFN-a participation in the regulation of uPAR
molecules synthesis. Since uPAR by itself is capable
of initiation of cellular signals, participates in molecular
mechanisms of cell migration and mediates the ability
of mononuclear phagocytes and malignant cells to pe-
netrate into stromal tissues [15, 49], inhibition of intra-
cellular uPAR expression by IFN-a can represent an
important event in mechanism of inhibitory action of
this cytokine on several functional activities of leuke-
mic cells [23, 24].
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