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phonate (an inhibitor of cytosolic PLA2), and indomethacin 
(a cyclooxygenase inhibitor), with no effect of monoalide, a 
secretory PLA2 inhibitor. uPA stimulated phosphorylation of 
cytosolic PLA2.  Conclusions:  Induction of MMP9 by uPA in 
THP-1 monocytes is via a pathway involving MEK1-ERK1/2-
mediated activation of cytosolic PLA2 and eicosanoid gen-
eration. These data suggest important roles for eicosanoids 
in monocyte migration induced by uPA and MMP9. 

 Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 Matrix metalloproteinases (MMPs), a family of Zn-
dependent neutral proteolytic enzymes, are known to 
participate in extracellular matrix remodeling and pro-
teolytic processing of some growth factors and cytokines 
suggesting their role in many physiological and patho-
logical processes  [1] . The production and secretion of 
MMPs by different cell types regulated by growth factors, 
cytokines, and components of extracellular matrix are an 
obligatory component of normal and pathological pro-
cesses related to cell migration and invasion  [2] .
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 Abstract 
  Objective:  Urokinase-type plasminogen activator (uPA) reg-
ulates cell migration and invasion by pericellular proteolysis 
and signal transduction events. We characterized the mech-
anisms by which uPA regulates matrix metalloproteinase-9 
(MMP9) function in THP-1 monocytes.  Methods and Re-
sults:  In THP-1 monocytes, MMP9 production induced by 
urokinase was completely inhibited by the ERK1/2 inhibitor, 
PD98059, but not by the p38 mitogen-activated protein ki-
nase inhibitor, SB202190. A dominant negative MEK1 adeno-
virus also blocked MMP9 expression. The effect of urokinase 
was completely suppressed by genistein and by herbimycin 
A indicating that tyrosine kinase(s) are required for MMP9 
production. Bisindolylmaleimide, a protein kinase C (PKC) in-
hibitor, did not decrease MMP9 expression suggesting that 
PKC activation is not required. Key roles for cytosolic phos-
pholipase A 2  (PLA2) and eicosanoid production were shown 
by complete inhibition with methyl arachidonyl fluorophos-
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  Among the MMP family, the type IV collagenases/ 
gelatinases (MMP2 and MMP9) have some particulari-
ties in their physiological role because of their ability to 
disrupt type IV collagen, the predominant component of 
basement membrane  [3] . A 72-kDa MMP2/gelatinase A 
is continuously expressed in some cell types  [1] .   A 92-kDa 
MMP9/gelatinase B is the inducible enzyme, which can 
be expressed in a number of cells under the action of 
TNF- � , IL-1 � , PDGF and some other growth factors  [4] . 
This expression has been shown to be mediated via 
ERK1/2, p38 mitogen-activated protein kinase (MAPK), 
and/or JNK signal transduction pathways  [5] . Moreover, 
the involvement of cytosolic PLA2 (cPLA2) as well as cy-
clooxygenase reaction products, prostaglandins, has been 
demonstrated in several studies  [6, 7] .

  Urokinase, in addition to its participating in fibrino-
lysis through plasminogen activation, is known to induce 
cell proliferation, migration and invasion  [8] , which 
could be mediated by the coupling of urokinase with its 
membrane receptor (uPAR) as well as by its proteolytic 
activity  [9] . Stimulation of cell motility by urokinase and 
its receptor is mediated via signal transduction pathway(s) 
where tyrosine kinases, protein kinase C (PKC) and 
MAPK are involved  [10, 11] . Therefore, a possibility exists 
for urokinase to induce the production of the enzymes 
participating in cellular activities potentiated by uroki-
nase.

  One of the possible targets of the regulatory action of 
urokinase could be MMP expression and activation. The 
urokinase-activated enzyme, plasmin, is known to acti-
vate proteolytically some members of the MMP family 
including MMP9. This activation is mediated via trans-
forming of stromelysin into active enzyme, which, in 
turn, activates MMP9  [12] . In addition, MMP9 and uro-
kinase are known to be coexpressed in some physiologi-
cal and pathological states  [13] , suggesting a possibility 
for urokinase to induce production and secretion of this 
enzyme in some types of cells via signal transduction 
pathways.

  We have recently shown that urokinase induces MMP9 
secretion by THP-1 and U937 monocyte cells, the effect 
that does not depend on plasminogen activation and is 
due to MMP9 mRNA formation and protein synthesis 
 [14, 15] . In the present study, we characterize the signal 
transduction mechanisms leading to MMP9 expression 
in THP-1 cells. Using the inhibitory analysis, we demon-
strate the participation of the ERK1/2 MAPK cascade, 
tyrosine protein kinase(s), as well as cPLA2 and cyclo-
oxygenase in MMP9 production induced by urokinase in 
THP-1 cells.

  Methods 

 Recombinant uPA with wild-type structure (r-uPA wt ), proteo-
lytically inactive urokinase with replacement of His 204  in active 
center for Gln (r-uPA H/Q ) and proteolytically inactive urokinase 
with deletion of NH2-terminal 1–43 amino acids called ‘growth-
factor-like domain’ (r-uPA H/Q -GFD) were expressed in  Escherich-
ia coli  and purified as described previously  [16, 17] . Two-chain 
low-molecular-weight (LMW) urokinase with the catalytic do-
main (r-uPA LMW ) corresponding to 136–411 amino acids of r-
uPA wt  was prepared by proteolytic cleavage of r-uPA wt  by plasmin, 
followed by purification with affinity chromatography, using 
monoclonal antibody against the urokinase catalytic domain 
coupled to CNBr-Sepharose 4B  [18] . Recombinant kringle do-
main (rKD) corresponded to urokinase amino acids Glu 43 -Arg 156  
and r-uPA-KD with deletions of these amino acids being ex-
pressed in  E. coli  and purified as described  [18] . Methyl arachido-
nyl fluorophosphonate (MAFP) and monoalide were purchased 
from Biomol, Hamburg, Germany. Indomethacin and genistein 
were from Sigma (St. Louis, Mo., USA). PD 98059, SB 202190, 
SP600125 and bisindolylmaleimide (GF109203X) were from Cal-
biochem (San Diego, Calif., USA).

  Cell Culture and Stimulation 
 THP-1 monocytes were cultured in RPMI 1640 medium con-

taining penicillin/streptomycin with 10% fetal calf serum. Prior 
to experiments, the concentration of cells was adjusted to 5  !  10 5  
cells/ml by suspension in RPMI 1640 containing 0.1% FCS. In 
each experiment, the cells were exposed to uPA (20 n M ) or saline 
for 48 h. Inhibitors were added to the cells 1 h before urokinase. 
Following incubation, conditioned media were collected and im-
mediately frozen until zymography for gelatinase activity was 
performed. The control cells as well as cells treated with uPA were 
used for total RNA isolation and RT-PCR cDNA amplification.

  Recombinant Adenoviruses and Cell Infection 
 Full-length dominant-negative (DN) MEK1 and  � -galactosi-

dase (LacZ) gene were cloned into a pAd-CMV-V5-Dest vector 
(Invitrogen, Carlsbad, Calif., USA). The recombinant adenovi-
ruses were expanded in HEK 293 cells and purified by cesium 
chloride ultracentrifugation. The purified viruses were stored in 
10% (v/v) glycerol/phosphate-buffered saline at –80   °   C. THP-1 
cells were infected at 300, 100 and 30 multiplicity of infection fol-
lowed by 72-hour incubation at 37   °   C in a CO 2  incubator. There-
after, the cells were suspended in 0.1%FCS/RPMI 1640 and stim-
ulated by uPA.  � -Galactosidase activity measured in LacZ-trans-
duced THP-1 cell lysates using standard kits (Promega, Madison, 
Wisc., USA) was proportional to multiplicity of cell infection by 
adenovirus.

  Immunoblot Analysis of MAPK (ERK) Phosphorylation 
 Phosphorylation of ERK1/2 was determined by Western blot-

ting (New England Biolabs, Beverly, Mass., USA). THP-1 cells 
were treated with uPA in RPMI 1640 with 0.1% FBS for 5, 10 and 
30 min. Cells were lysed in 100  � l of sample buffer (0.0625  M  Tris-
HCl, pH 6.8, 2% SDS, 10% glycerol (v/v), 5%  � -mercaptoethanol, 
0.001% bromophenol blue), sonicated, electrophoresed in 10% 
SDS-polyacrylamide gel, and transferred to nitrocellulose mem-
branes. The blots were probed with primary anti-phospho-ERK1/2 
antibody for the first membrane and anti-ERK1/2 for the second 
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membrane, and secondary antibody in dilutions recommended 
by the manufacturer. ERK1/2 activation was measured as a ratio 
of the intensities of phospho-ERK1/2 bands to those of total 
ERK1/2, and expressed relative to that in unstimulated cells.

  Immunoblot Analysis of cPLA2 Phosphorylation 
 Phosphorylation of cPLA2 was determined by Western blot-

ting using anti-phospho-cPLA2 and anti-cPLA2 antibodies (Cell 
Signaling Technology). THP-1 monocytes were incubated for 
24 h in RPMI 1640 containing 0.1% FBS. In experiments, THP-1 
cells were treated with uPA (20 n M ) in RPMI 1640 without FBS 
for 10 and 30 min, and 1, 4 and 14 h. Western blotting was per-
formed with PVDF membranes. cPLA2 activation was measured 
as a ratio of the intensities of phospho-cPLA2 bands to those of 
total cPLA2.

  Gelatin Zymography 
 Cell-conditioned media were mixed with sample buffer with-

out  � -mercaptoethanol and loaded on 7.5% SDS-polyacrylamide 
gel containing 0.1% gelatin. After electrophoresis, the gels were 

washed 3 times with 100 ml of 2.5% Triton X-100 and incubated 
for 18 h in a buffer consisting of 50 m M  Tris-HCl (pH 8.0), 50 m M  
NaCl, 0.05% Brij 35, and 10 m M  CaCl 2 . After incubation, the gels 
were stained with 0.25% Coomassie brilliant blue G-250 in 40% 
(v/v) methanol and 10% (v/v) acetic acid, followed by washing off 
the excessive dye by a mixture of 40% (v/v) methanol and 10% 
(v/v) acetic acid. Proteolytic activity was detected by evaluating 
the expression of unstained bands on the gelatin-stained back-
ground. Zymograms were subjected to densitometric analysis us-
ing PCBAS software. Gelatinolytic activity was expressed in arbi-
trary units.

  RNA Extraction and RT-PCR 
 Total RNA was isolated from THP-1 cells using Qiagen 

RNAeasy miniprep columns. The integrity of the samples was 
verified by 1.5% agarose gel electrophoresis. Aliquots were stored 
in RNase-free sterile tubes until use. Using oligonucleotide prim-
er pairs for MMP9 (reverse 5 � -GGAATGATCTAAGCCCAGCG-
3 � , forward 5 � -GTGCGTCTTCCCCTTCACTTTCCT-3 � ) and for 
GAPDH (reverse 5 � -TCCACCACCCTGTTGCTGTA-3 � , forward 
5 � -ACCACAGTCCATGCCATCAC-3 � )  [15] , 100 ng of total RNA 
was reverse transcribed and PCR amplified in accordance with 
the Perkin Elmer Gene Amp �  protocol (Roche Molecular Sys-
tems, Branchburg, N.J., USA). The thermal profile involved 35 
cycles of denaturation at 95   °   C for 60 s, primer annealing at 60   °   C 
for 60 s, and extension at 60   °   C for 60 s. Appropriate controls (no 
reverse transcriptase and no template controls) were included. 
6  � l of each PCR mixture was run on 1.5% agarose gel in Tris-
 borate-EDTA electrophoresis buffer with ethidium bromide 
(1  � g/ml). The fluorescence-stained bands corresponding to the 
PCR products were quantified using the AlphaImager TM  System 
(Alpha Innotech).

  Results 

 MMP9 mRNA Formation in THP-1 Cells Induced 
by Urokinase Is Insensitive to Protein Synthesis 
Inhibition 
 Urokinase stimulates THP-1 and U937 monocyte cells 

to produce and release a 92-kDa MMP, MMP9/gelatinase 
B in a time- and concentration-dependent manner as 
measured by zymography and immunoblotting  [14, 15] . 
To define the mechanisms for MMP9 induction, we ana-
lyzed the expression of MMP mRNA by RT-PCR. As 
shown in  figure 1 , MMP9 mRNA expression was induced 
by uPA, and was poorly affected by cycloheximide, sug-
gesting that the synthesis of intermediary protein fac-
tor(s) is not obligatory for MMP9 promoter activation in 
THP-1 cells.

  Participation of the Structural Domains of uPA in the 
Induction of MMP9 Production by THP-1 Monocytes 
 We have shown previously that MMP9 expression in 

THP-1 cells treated with urokinase is not mediated by 
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  Fig. 1.  Urokinase induces MMP9 mRNA formation in THP-1 
cells. THP-1 cells were incubated for 48 h either with saline (con-
trol), 20 n M  r-uPA, or 0.5  � g/ml cycloheximide and 20 n M  r-uPA 
(uPA+cyclohex) as indicated, following by RNA isolation and   RT-
PCR analysis of human MMP9 and GAPDH mRNAs.  a ,  b  MMP9 
( a ) and GAPDH ( b ) PCR products were obtained with corre-
sponding gene-specific primer pairs during 35-cycle amplifica-
tion of cDNA synthesized on 30 ng of THP-1 total RNA.  c  MMP9/
GAPD ratios obtained by scanning densitometry of RT-PCR 
data. 
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plasmin formation and, moreover, is not reproduced by 
tissue-type plasminogen activator. In addition, catalytic 
activity of urokinase is not required for MMP9 produc-
tion  [14, 15] . To define the role of other uPA structural 
domains in induction of MMP9 expression in mono-
cytes, we measured MMP9 release by THP-1 cells stimu-
lated with the recombinant forms of uPA: ‘wild-type’ uPA 
(r-uPA, r-uPA wt ) with unmodified primary structure;
r-uPA H/Q  having no catalytic activity due to replacement 
of His 204  to Gln 204  in the active center; r-uPA-GFD lack-
ing GFD; r-uPA H/Q -GFD with no GFD and catalytic ac-
tivity; r-uPA-KD lacking the KD; LMW-uPA having an 
unmodified catalytic site but containing no GFD and 
KD, and r-KD containing only KD. Among the uPA con-
structs tested, the ‘wild-type’ uPA had the highest ability 
to induce MMP9 release by THP-1 monocytes ( fig. 2 ).
r-uPA H/Q , r-uPA-GFD, r-uPA H/Q -GFD and r-uPA-KD 
were also able to stimulate MMP9 release, but were weak-
er compared with r-uPA (40–80%) when 20 n M  of the 
proteins were added to THP-1 cells. LMW-uPA and r-KD 
had no ability to induce MMP9 release by THP-1 cells. 
These data clearly indicate that in spite of catalytic activ-

ity, the possibility to contact the cell surface via the KD 
and/or the GFD is critical for MMP9 production induced 
by urokinase in THP-1 cells.

  Urokinase Induces MMP9 Expression via MAPK and 
Tyrosine Kinase Pathways but Not via PKC Activation 
 The expression of MMPs in different cell types is 

known to be stimulated by growth factors and cytokines 
via mechanisms that can involve extracellular-signal-reg-
ulated kinase (ERK1/2), p38-mitogen-activated kinase 
and c-Jun N-terminal kinase (JNK), mechanisms that 
vary depending on the growth factor and cell type  [5] . To 
explore which of these pathways affect urokinase-induced 
MMP9 expression in THP-1 monocytes, we first investi-
gated the involvement of ERK1/2.  Figure 3  demonstrates 
that r-uPA stimulated phosphorylation and ac tivation of 
ERK1/2. A selective inhibitor of MEK-1, PD98059, com-
pletely prevented its activation by uPA. Similarly, PD98059 
completely blocked the r-uPA-induced increase in MMP9 
released ( table 1 ). In contrast, the p38 MAPK inhibitor 
SB202190 (25  �  M ) as well as the JNK inhibitor SP600125 
(10  �  M ) were without effect ( table 1 ).
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  Fig. 2.  The dependence of MMP9 produc-
tion by THP-1 cells on urokinase func-
tional domains. THP-1 cells were incubat-
ed with recombinant uPA forms for 48 h 
followed by zymography of MMP9 in con-
ditioned media. The following uPA vari-
ants were used: r-uPA wt  (wild-type uPA); 
r-uPA H/Q  (substitution of His 204  ] Gln 204  
in active center); r-uPA-GFD (lacking 
GFD); r-uPA H/Q -GFD (absence of GFD 
and catalytic activity); r-uPA-KD (lacking 
KD); LMW-uPA (LMW uPA containing 
no GFD and KD), and r-KD (containing 
only KD).  a  Typical zymograms obtained 
after THP-1 cell incubation with uPA re-
combinants.  b  Concentration dependence 
of MMP9 production obtained by scan-
ning densitometry of zymograms. Data 
are representative of three independent 
experiments. 
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  The involvement of the MEK1-ERK1/2 pathway in 
MMP9 expression by urokinase was also tested in THP-1 
cells infected with an adenoviral construct encoding DN-
MEK1. The construct encoding  � -galactosidase (LacZ) 
was used as a control.  Figure 4  shows that the cells in-
fected by virus (multiplicity of infection 100 and 300) 
have a dramatic decrease in uPA-induced MMP9 secre-
tion ( fig. 4 a) and ERK1/2 activation ( fig. 4 b) compared to 
control adenoviral construct (DN-MEK1-300uPA vs. 
LacZ-300uPA; DN-MEK1-100uPA vs. LacZ-100uPA) in-
dicating that suppressing ERK1/2 activation by MEK1 in-
hibits uPA-mediated MMP9 production ( fig. 4 c).

  MMP9 secretion in THP-1 cells treated with uPA was 
also dramatically suppressed by the tyrosine kinase 
 inhibitors genistein (10  �  M ,  table 1 ) and herbimycin A 
(2  �  M , data not shown) indicating that tyrosine kinase(s) 
participate in signal transduction pathways mediating 
MMP9 upregulation by urokinase. Inhibition of PKC by 
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  Fig. 3.  Activation of ERK1/2 by urokinase.  a  Western blots of phosphorylated ERK1/2 (p-ERK1/2) and total 
ERK1/2 of lysates from THP-1 cells incubated with 25  �  M  PD98059 and 20 n M  r-uPA.  b  Relative levels of ERK1 
and ERK2 activation quantitated by scanning densitometry and normalized to the levels of total ERK1 and 
ERK2, respectively. Means  8  SE of three independent experiments are represented. 

Table 1. Effect of protein kinase, phospholipase and cyclooxygen-
ase inhibitors on uPA-induced MMP9 production in THP-1 
cells

Treatment MMP9 activity
arbitrary units

Inhibition
%

uPA 1,09589 NA
PD98059 25 �M 2182 9880
SB202190 25 �M 1,075857 285
SP600125 10 �M 1,021889 788
Genistein 10 �M, uPA 781 9980
BIM 2.5 �M 1,0548131 4812
MAFP 2 �M 361820 6782
Monoalide 0.4 �M 1,2388160 –13814
Indomethacin 30 �M 4585 9681

BIM = Bisindolylmaleimide; NA = not assessed.
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bisindolylmaleimide (2.5  �  M ) did not alter MMP9 secre-
tion ( table 1 ), suggesting that PKC activation by diacyl-
glycerol, the product of phospholipase C activity, is not 
involved in the signal transduction pathway resulting in 
MMP9 expression induced by urokinase.

  The Effect of Urokinase Is Mediated via PLA2 
Activation and Eicosanoid Formation 
 To evaluate the role of arachidonate metabolites in 

MMP9 upregulation induced by urokinase, we tested the 
effects of specific inhibitors of PLA2, the enzyme liberat-
ing arachidonic acid from phospholipids. MAFP, which 
selectively inhibits cPLA2 (IC 50  = 2  �  M ), inhibited MMP9 
expression induced by urokinase by  � 60%, at 2–4  �  M  
( table 1 ). When used at 10  �  M  concentration and higher, 
MAFP induced the death of THP-1 cells revealed by light 

microscopy and trypan blue inclusion (data not shown). 
Monoalide, an inhibitor selective for secretory PLA2 
(sPLA2; IC 50  = 0.2  �  M ), had no effect when added at 
0.4  �  M  ( table 1 ). In addition,  figure 5  demonstrates that 
r-uPA stimulated phosphorylation and activation of cy-
tosolic PLA2. This activation reaches a maximum 1 h af-
ter incubating cells in the presence of urokinase. These 
data indicate that cPLA2 but not sPLA2 is required for 
the signal transduction pathway leading to MMP9 ex-
pression in THP-1 cells stimulated by urokinase.

  The effect of uPA was dramatically inhibited by 30  �  M  
indomethacin, a cyclooxygenase inhibitor ( table 1 ). This 
finding indicates that the next step involved in this sig-
naling cascade is formation of prostaglandins, the sub-
stances known to induce MMP9 expression  [7] .
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  Fig. 4.  The effect of THP-1 cell infection by adenoviral construct encoding DN-MEK1 or  � -galactosidase (LacZ) 
on MMP9 production and ERK1/ERK2 activation induced by urokinase. The cells were infected with DN-
MEK1 or LacZ encoding adenoviral construct at 300, 100, and 30 multiplicity of infection for 72 h.  a ,  c  Follow-
ing infection, cells were incubated with saline (LacZ-ctl, DN-MEK1-ctl) or 20 n M  uPA (LacZ-uPA, DN-MEK1-
uPA) for 48 h in 0.1% FBS/RPMI 1640. MMP9 production was analyzed by zymography. Typical presentation 
of zymography data ( a ) and means  8  SE of 4 experiments ( c ) are shown.  b  pERK1/2 and ERK1/2 were measured 
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  Discussion 

 Evidence is emerging that urokinase, a component of 
fibrinolytic system, is implicated in biological processes 
related to cell proliferation, motility and invasion. The 
ability of cells to penetrate through extracellular barriers 
during invasion is significantly dependent on pericellular 
proteolysis which is determined by the membrane loca-
tion of the urokinase coupled with its membrane recep-
tor, glycosyl-phosphatidylinositol-anchored protein  [19] . 
In addition, plasmin, created by urokinase from plasmin-
ogen, is crucial for cell migration and invasion. Our stud-
ies indicated that urokinase, when incubated with THP-1 
monocyte cells, induced gene transcription, protein syn-
thesis and secretion of MMP9  [15] . This effect is not re-
produced by tissue-type plasminogen activator, is not re-
lated to proteolytic activation of MMP9, and is not sup-
pressed by plasmin inhibitors  [14] , suggesting that 
plasminogen activation is not implicated in MMP9 ex-
pression by THP-1 cells. In total, these data suggest that 
some other factors, besides the catalytic activity of uroki-
nase, could be involved in MMP9 upregulation.

  Indeed, the loss of the catalytic activity of uPA due to 
replacement of His 204  in the active center to Gln preserves 

in part its ability to induce MMP9 expression in THP-1 
monocytes. uPA variants lacking GFD (r-uPA H/Q -GFD) 
or KD (r-uPA-GFD) are also able to induce MMP9 ex-
pression. At the same time, LMW urokinase (with miss-
ing GFD and KD), in spite of preserved catalytic activity, 
failed to induce the expression of MMP9.

  The Scatchard plot data obtained in our laboratory 
 [18]  demonstrated that wild-type uPA with unmodified 
molecular structure specifically binds to two different 
classes of binding sites on the cell membrane having high 
and low affinity. The high-affinity interaction of uroki-
nase with the cell membrane is known to reflect uPA cou-
pling with its membrane receptor via GFD, while KD me-
diates   uPA interaction with low-affinity sites of the cel-
lular membrane  [18] . Taken together, these data indicate 
that the ability of uPA to induce MMP9 expression in 
THP-1 cells is determined by its interaction with the cell 
membrane via GFD and/or KD. This interaction is more 
critical for MMP9 expression than the catalytic activity 
of urokinase.

  The interaction of urokinase with the cell surface can 
result in signal transduction processes in which some in-
tracellular proteins are involved. Urokinase, together 
with its membrane receptor, was shown to coprecipitate 
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with Src family kinases, nucleolin and casein kinase-2, 
ERK1/2  [20, 21] , and some other components of intracel-
lular signaling. This interaction might result in activation 
of signaling pathways via tyrosine phosphorylation of in-
tracellular proteins, generating a high level of active 
ERK1/2 necessary for tumor growth in vivo  [22]  and 
some other intracellular signaling events.

  Our study has shown that urokinase induces MMP9 
expression via ERK1/2 activation and that p38 MAPK as 
well as JNK pathways are not involved in this stimulation. 
When stimulated by urokinase, THP-1 monocytes se-
crete MMP9 via ERK1/2 cascade activation. The absence 
of the effect of bisindolylmaleimide, the PKC inhibitor, 
indicates that PKC activation is not implicated in this 
process. There are several studies demonstrating MMP9 
expression via p38 MAPK, ERK1/2 and JNK activation 
by cytokines and growth factors in different cell types  [5] . 
MMP9 upregulation can be mediated via mobilizing of 
AP-1 and NF � B transcriptional factors which have been 
characterized in the MMP9 promoter  [23] .

  Several experimental findings indicate that the forma-
tion of arachidonic acid in the reaction catalyzed by PLA2 
following eicosanoid synthesis is another step of intracel-
lular signal transduction implicated in a wide number of 
cellular activities. In the present study, MMP9 expression 
in THP-1 monocytes was dramatically suppressed by in-
hibition of cPLA2, and is not sensitive to secretory PLA2 
inhibition, suggesting that the effect of urokinase is me-
diated through the activation of cPLA2. In addition, par-
ticipation of cPLA2 in signal transduction mechanisms 
of MMP expression was demonstrated in human mono-
cytes stimulated by lipopolysaccharide  [6] . At least two 
possibilities exist for cPLA2 mobilizing in cells; one of 
them is related to cPLA2 phosphorylation on several spe-
cific sites. cPLA2 can be phosphorylated on serine resi-
dues by either ERK1/2 or PKC resulting in an increase in 
catalytic cPLA2-specific activity. ERK1/2 selectively 
phosphorylates the domain of cPLA2 containing a MAPK 
consensus sequence, whereas PKC phosphorylates sites in 
all three recombinantly expressed domains of the en-
zyme. Peptide mapping indicates that the site phosphor-
ylated by ERK1/2 is different from those phosphorylated 
by PKC  [24] . In addition, cPLA2 can be phosphorylated 
by tyrosine kinase, and this type of phosphorylation is 
involved in the activation of this enzyme in Madin-Dar-
by canine kidney cells induced by bradykinin  [25] . MMP 
expression in human peripheral blood monocytes in-
duced by lipopolysaccharide is mediated by tyrosine 
phosphorylation of cPLA2  [6] . In our study, the possibil-
ity for participation of PKC was excluded. However, acti-

vation of cPLA2 by ERK1/2 or by tyrosine kinase could 
be implicated in this activation.

  Arachidonic acid, by itself or via metabolizing through 
cyclooxygenase and lipoxygenase pathways, regulates 
transcriptional activation of gene expression in cell acti-
vation, differentiation and tissue development. Our data 
indicate that MMP9 upregulation by urokinase is inhib-
ited by indomethacin, suggesting the involvement of cy-
clooxygenase metabolites in this process. This finding is 
in accordance with the mediator role of prostaglandin E 2  
in the stimulation of MMP expression by lipopolysaccha-
ride in human monocytes  [4, 6] . The direct upregulation 
of MMP9 mRNA transcription and protein synthesis by 
prostaglandin E 2  was demonstrated in human T cells 
 [7] .

  In conclusion, our studies indicate that urokinase, in 
addition to its other known effects on tissue remodeling 
and repair, can also stimulate monocytes to produce la-
tent MMP9 via mechanisms dependent on ERK1/2 acti-
vation and cytosolic PLA2 activity. These effects of uro-
kinase are dependent on its interaction with cell mem-
brane as well as on its catalytic activity. This mechanism 
could be important for MMP9 production in some path-
ological conditions where coexpression of urokinase and 
MMP9 is observed  [13] . Further experiments should pro-
vide more information about the details of this signaling 
process and about its physiological and pathological sig-
nificance.
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