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Summary. Human glioblastoma cell line A172 expressed protease-activated 
receptor-1 and -2 (PAR-1 and PAR-2). We investigated the effects of the 
stimulation of these receptors by receptor-activating agonist peptides on the 
Ca 2+ signaling, protein kinase C translocation, cell morphology and cell prolif- 
eration in A172. Both PAR-1 agonist SFLLRN and PAR-2 agonist SLIGKV 
induced an increase in [Ca~+]i. The prior treatment of A172 with PAR-2 
agonist SLIGKV did not influence the [Ca2+]i response to PAR-1 agonist 
SFLLRN or thrombin, however, the prior treatment with PAR-1 agonist 
SFLLRN or thrombin completely abolished the second response to PAR-2 
agonist SLIGKV. Treatment with each agonist peptide produced thinner and 
fewer processes in A172. The PAR-2 agonist inhibited the proliferation of 
A172 significantly while P A R d  agonist did not. PKC-c~ and ? were translo- 
cated from cytosol to membrane with either PAR-1 or PAR-2 stimulation, 
however, t was specifically translocated with SFLLRN, and )~ with SLIGKV, 
respectively. These results indicated that PAR-1 and PAR-2 stimulation pro- 
duced a similar [Ca2+]i response and morphological changes in A172 glioblas- 
toma while the effects on the cell proliferation and activation of PKC 
isozymes were distinct, suggesting that different signal transduction pathways 
were activated by these receptors. The uni-directional cross desensitization 
implies a functional linkage between PAR-1 and PAR-2 receptors. 

Keywords: Protease-activated receptor, A172 glioblastoma, calcium signal, 
proliferation. 

Introduction 

Thrombin is not only an important factor in the coagulation cascade but also 
exerts many effects on different types of cells; functioning in platelet aggre- 
gation and secretion, the regulation of vascular tone, and the proliferation of 
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fibroblasts, vascular endothelial cells and smooth muscle cells (Tapparelli 
et al., 1993). In addition, thrombin has profound effects on neural cells, the 
retraction of processes of neurons and astrocytes (Gurwitz and Cunningham, 
1988; Suidan et al., 1992), induction of nerve growth factor synthesis in 
astrocytes, and induction of or protection from neuronal cell death depending 
on the concentration and culture conditions (Smith-Swintovsky et al., 1995; 
Vaughan et al., 1995; Smith-Swintovsky et al., 1997). These plural effects are 
thought to be mediated by the stimulation of thrombin receptor. The pro- 
totypic thrombin receptor was cloned from a human megakaryoblastic (Vu et 
al., 1991) and hamster fibroblastic (Rasmussen et al., 1991) cell line. Nystedt 
et al. (1994) cloned a DNA sequence from a mouse genomic library by low 
stringency screening with a substance-K receptor-derived oligonucleotide 
probe, which has homology to thrombin receptor. The novel receptor expres- 
sed on Xenopus oocytes is activated by a low concentration of trypsin but not 
by thrombin and was named protease-activated receptor-2 (PAR-2). Two 
additional receptors (PAR-3 and PAR-4) stimulated by thrombin have been 
cloned (Ishihara et al., 1997; Xu et al., 1998; Kahn et al., 1998). These re- 
ceptors appear to constitute a protease-activated receptor family (Coughlin, 
1994; Dery et al., 1998). 

Although PARs belong to the G protein-coupled seven transmembrane 
receptor superfamily, the mechanism for the activation of receptor is unique 
and distinct from other receptors for bioactive amines and peptides. Serine 
proteinase capable of activating a receptor cleaves the extracellular domain of 
the receptor, producing the new N-terminal sequence. A five to six amino acid 
tethered peptide ligand in turn can bind to the undefined binding site of the 
receptor leading to the G protein coupled signal transduction; activation of 
phosphatidyl inositol phospholipase C, production of inositol trisphosphate, 
increase in intracellular Ca 2+ and activation of protein kinase C (PKC). 

A specific inhibitor abolished the receptor activating activity of serine 
proteinase and mutant receptors resistant to serine proteinase could not be 
activated by the proteinase (Vu et al., 1991; Nystedt et al., 1994). Moreover, a 
peptide having the same sequence as the tethered ligand was substituted for 
the proteinase for receptor activation (Vu et al., 1991; Nystedt et al., 1994). 
These findings support that the mechanism of receptor activation by serine 
proteinases is unique. 

Platelets and vascular endothelial cells express some of the PARs (Brass 
and Molino, 1997; Ishihara et al., 1997; Kahn et al., 1998) and the roles Of these 
receptors in platelet secretion/aggregation and endothelial cell functions have 
been investigated. It has been demonstrated that prothrombin mRNA is 
expressed in the central nervous system (Dihanich et al., 1991; Weinstein et 
al., 1995) and thrombin exerted profound morphological effects on the cells in 
the CNS (Gurwitz and Cunningham, 1988; Suidan et al., 1992) which were 
inhibited by a serine proteinase inhibitor protease nexin-1 (Gurwitz and 
Cunningham, 1988; Monard, 1988; Nelson and Siman, 1990). Therefore, it is 
likely that endogenous thrombin as well as blood-borne thrombin in concert 
with protease nexin-1 can modulate the plasticity of the brain (Monard, 
1988). 
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Recently,  it was repor ted that  cells in the central nervous system also 
express PAR-2  (Smith-Swintovsky et al., 1997; Ubl et al., 1998). Moreover ,  
many kinds of trypsin-like serine proteinases have been  cloned from different 
mammal ian  brains (Wiegand et al., 1993; Dihanich and Spiess, 1994; Chen 
et al., 1995; Gschwend et al., 1977; Little et al., 1997; Yamashiro  et al., 1997). 
Therefore,  it is possible that there  exists endogenous  serine proteinase- 
P A R  systems in the central  nervous system, as in blood-platelets and 
blood-vascular endothelial  cells. 

In the present  study, we investigated the effects of PAR-1 and PAR-2 
stimulation of A172 human  glioblastoma cells by agonist peptides on the the 
Ca 2+ signaling, PKC translocation, cell morphology and cell proliferation. 
Since thrombin (PAR- l ,  3 and 4) and trypsin (PAR-2 and PAR-4)  can 
stimulate plural PARs,  we used agonist peptides for the stimulation of each 
receptor.  We  found that  PAR-1 and PAR-2  stimulation induced similar 
transient increases in intracellular Ca 2+ and morphological  changes in A172, 
however,  there  existed differences in the effects on cell proliferation and PKC 
isozymes translocated by each receptor  stimulation. Fur thermore ,  it was 
suggested that PAR-2  was functionally regulated by PAR-1.  

Materials and methods 

Chemica~ 

The human thrombin receptor agonist peptide, SFLLRN, the human PAR-2 agonist 
peptide SLIGKV and the inverse peptides, FSLLRN and LSIGKV, were purchased from 
Bio-Synthesis (Lewisville, TX). Human thrombin, Fluo-3AM and GFAP antibody were 
from Sigma (St. Louis, MO). Anti-PKC monoclonal antibodies were purchased from 
Transducer Laboratories (Lexington, KY). 

Cells and culture conditions 

A human glioblastoma A172 cell line was cultured in Dulbecco's Modified Eagle's 
Medium (D-MEM) with high glucose (4.5 g/l) supplemented with 10% fetal calf serum, 
100units/ml penicillin, and 100mg/ml streptomycin in 35 mm culture dish. This cell line 
was grown as a monolayer culture in D-MEM. 

Detection of thrombin receptor (PAR-l) and PAR-2 expression 
in A172 by R T-PCR 

Total RNA was isolated from human A172 glioblastoma cells using the RNAzol (Cinna/ 
Bio) extraction method and used as templates. Reverse transcription was performed at 
22 ~ for 10 rain. Polymerase chain reaction (PCR) was performed as described previously 
(Sawada et al., 2000). 

Cytosolic Ca 2+ measurements 

The free intracellular Ca 2+ concentration ([Ca2+]i) was determined using the Ca 2+ 
sensitive fluorescent dye Fluo-3 AM. At first, A172 was cultured on a glass bottom culture 
dish (35ram in diameter, MatTek). For dye loading, A172 glioblastoma cells were 
incubated with D-MEM including 10 ~M Fluo3-AM for 60min at 37~ and then washed 
twice with a Ca2+-measuring buffer having the following composition (in mM): NaCI 115, 
KC1 5.0, CaC12 2.5, KH2PO 4 0.4, Na2HPO 4 0.4, HEPES 20.0, and glucose 10.0, pH 7.4 
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adjusted with tris (hydroxymethyl) aminomethane. The cells were kept at 23~ for 30 min 
before the experiments. Single-cell fluorescence measurements of [Ca2+]i were performed 
using an imaging system ACAS570 (Meridian Instruments, Okemos, Mich). 

Cell morphology 

Three days after passage, the culture medium of A172 was changed to D-MEM contain- 
ing 50~tM PAR-1 or PAR-2 agonist peptide. We observed morphological changes of 
A172 cells at 6, 12, 24 and 48 h after the addition of the agonist peptide by phase-contrast 
microscopy or after the immunostaining with anti-GFAP antibody. 

Cell growth assay 

A172 cells were cultured in quintuplicates at a density of 5.0 x 104 cells/dish. Three days 
later, the culture medium was changed to D-MEM containing PAR-1 or PAR-2 agonist 
peptide at 50 ~t M. The cells were harvested and counted under microscope at days 1, 3 and 
5, after the viability of the cells had been evaluated by trypan blue staining. The experi- 
ments were repeated three times independently. 

Immunocytochemistry 

The ceils in the culture dish were fixed with 10% formalin for 30min. Endogenous 
peroxidase was blocked by incubating the sections in 3.0% hydrogen peroxidase in 
methanol for 15min. After the blocking of non specific reactivity for 1 hour at room 
temperature with normal rabbit serum (Histofine SAB PO kit; Nichirei, Tokyo), the 
dishes were incubated overnight at 4~ with anti-GFAP antibody (clone G-A-5, Sigma, 
St. Louis). The identification of the distribution of primary antibody was achieved by the 
subsequent application of a biotinylated anti-mouse antibody (Histofine SAB PO kit) and 
streptavidin-peroxidase (Histofine SAB PO kit). Immunostaining was developed using 
DAB/H202 solution (Histofine DAB substrate kit; Nichirei), and the sections were coun- 
terstained with Mayer's Hematoxylin. 

PKC translocation and immunoblotting 

Three days after plating, the cells were treated with PAR-1 or PAR-2 agonist peptide 
(50 ~t M) for 5 or 15 min. The stimulation was stopped by cooling of the cells by exchanging 
the medium to cold PBS and the cells were harvested by rubber policeman. After being 
washed twice with cold PBS, the cells (2 • 106) were suspended in 100~tl of PBS and 
sonicated. The cytosolic fraction was obtained by centrifugation at 200,000 • g for 60 min. 
The pellet, resuspended in PBS containing 0.5 % Triton X-100, was centrifuged at 100,000 
• g for 60rain. The resultant supernatant represented the Triton X-100-soluble mem- 
brane fraction. The cytosolic and membrane fractions were separated on 12% SDS 
polyacrylamide gels and transferred to nitrocellulose filters. The immunoblotting was 
performed as described previously (Nishibori et al., 1993). 

Statistical analysis 

The data were evaluated for statistical significance by ANOVA followed by Dunnet test. 

Results 

[Ca2+]i response induced by PAR-1 and PAR-2 agonist peptides 
in A172 glioblastoma cells 

The  express ion of  P A R - 1  and  P A R - 2  in A 172 gl ioblas toma was conf i rmed  
using R T - P C R  as desc r ibed  previous ly  (Sawada  et  al., 2000). P A R - 1  agonist  
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Fig. 1. C2  § responses in A172 induced by the activation of PAR-1 and PAR-2 using 
agonist peptides. A172 was loaded with Fluo-3 AM dye to measure the changes of the free 
cytosolic Ca 2+ concentration indicated by the change in the fluorescence ratio (FFF0). 
Images of Ca ,-+ signals before (left panels) and 24 seconds after the addition of 50 btM of 
agonist peptides (right panels) were taken with an ACAS 570 system. Total 64 cells 
stimulated with PAR-1 or PAR-2 peptide were observed and the representative result of 

Ca2+-imaging was shown 

pept ide  S F L L R N  (50 p,M) induced  the  increase in [Ca2+]i 12 seconds after the  
addi t ion of the pept ide  to the m e d i u m  as detec ted  by F luo-3AM fluorescent  
probe.  Usually the increase in [Ca>]i  p e a k e d  within 24 seconds and then  
gradually decreased  over  90 seconds. We observed total 64 cells and substan- 
tially similar increase in [Ca2+]i was obtained.  The  representa t ive  result  of  
Ca2+-imaging was shown in Fig. 1. Imaging revealed that  the increase started 
f rom the region sur rounding  the nucleus and ex tended  over the  cell (Fig. 1). 
W h e n  th rombin  (10-SM) was used as PAR-1  st imulat ing proteinase,  the in- 
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Fig. 2. Ca 2+ responses in A172 induced by the activation of PAR-1 and PAR-2 using 
agonist peptides. At72 was loaded with Ftuo-3 AM dye to measure the changes of the free 
cytosolic Ca 2+ concentration indicated by the change in the fluorescence ratio (F/F0). The 
representative time course of the changes in intracellular Ca2+ in A172 activated by 

50~tM of PAR-1 (A) or PAR-2 (B) agonist peptide was shown (n = 64) 

crease in [Ca2+]i was greater  than that  obtained with 50 ~t M SFLLRN (n = 40, 
P < 0.01). PAR-2  agonist pept ide S L I G K V  (50 ~t M) also induced the increase 
in [Ca2+]i (Fig. 2) (n = 64). Figure 2 represents the typical example (n = 64) 
of Ca 2+ response to 50 9 M  of PAR-1 or PAR-2 peptide. Both agonist peptides 
produced [Ca2+]i responses in a similar t ime course. In the absence of the 
extracellular Ca ~+, the Ca 2+ signalings produced by PAR-1 and PAR-2 ago- 
nists as well as thrombin were  reduced  to about 70% of the control  response 
(n = 20, P < 0.01, data not  shown). A t  50~tM, the inverse agonist peptides 
FSLLRN and L S I G K V  for PAR-1 and PAR-2,  respectively, did not  produce 
any increase in [Ca2+]i, indicating the specificity of the response to agonist 
peptides. 
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Cross desensitization of  PAR-2 Ca > signaling after the stimulation of  PAR-1 

The  s t imulat ion of  PAR-1  by PAR-1  agonist  pep t ide  abolished the  response 
to th rombin  adminis te red  successively (Table 1). This indicated that  t h rombin  
act ivated the same receptors  s t imula ted  by PAR-1  pept ide.  However ,  the 
s t imulat ion of P A R - 2  by PA R-2  agonist  pep t ide  did not  influence the  secon- 
dary response  to t h r o m b i n  or  PAR-1  agonist  pept ide ,  indicating that  PAR-2  
pept ide  s t imulated receptors  distinct f rom PAR-1  receptors  (Fig. 3). The  
interest ing finding was that  the  p r e t r e a t m e n t  of  A172 with PAR-1  pept ide  
or  th rombin  inhibi ted the  second response  induced  by the applicat ion 
of  P A R - 2  pept ide  by more  than  90% (Fig. 3). These  results indicated 
that  PAR-1  and P A R - 2  agonist  pep t ides  s t imula ted  respective receptors  
and that  there  occurred  one direct ional  cross desensi t izat ion of  PAR-2  
on PAR-1  st imulat ion.  The  cross-desensi t izat ion exper iments  were  done  
four  t imes separately and we ob ta ined  substantial ly same results as shown in 
Fig. 3. 

Morphological changes in A172 induced by the activation of  
PAR-.I and PAR-2 

Figure 4 shows the morphologica l  changes  induced  by the s t imulat ion 
of  PAR-1  and P A R - 2  in A172 cells. While  55% of the control  cells had 
more  than  three  processes,  bo th  PAR-1  and PAR-2  s t imulat ion signifi- 
cantly increased the  popu la t ion  of  the  m o n o p o l a r  and bipolar  cells 24h 
after the s t imulat ion as compared  with the  control  (Fig. 5). The  PAR-1  and 
PAR-2-s t imula ted  cells were thin as c o m p a r e d  with the  control .  We also 
examined  the effects of PAR-1 and P A R - 2  s t imulat ion on the cell 
proliferation.  

Table 1. Summary of desensitization of Ca 2+ signaling 
following PAR-1 and PAR-2 stimulation 

Second stimulation 

First stimulation PAR-1 PAR-2 Thrombin 

PAR-1 - - - 
PAR-2 + - + 
Thrombin - - - 

The concentrations of PAR-1 and PAR-2 agonist 
peptides and thrombin were 50gM and 10nM, respectively. 
The intracellular Ca 2+ was measured as in Fig. 1. The second 
stimulus was applied to A172 2 min after the first. Plus in the 
table means a positive Ca 2+ response to the second stimulus. 
The experiments were done four times separately and the 
substantially same results were obtained 
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Fig. 3. Cross desensitization of PAR-2 Ca 2+ signaling after the stimulation of PAR-1. 
A172 was first stimulated by PAR-1 agonist peptide (50 g M) (A) or thrombin (10 nM) (B) 
and then stimulated by PAR-2 agonist peptide (50~t M). In (C), A172 was first stimulated 
by PAR-2 agonist peptide (50~M) and then stimulated by PAR-1 agonist peptide 
(508M), The intracellutar Ca 2+ was measured as in Fig. 2. The second stimulus was 
applied to A172 2min after the first. The experiments were done four times separately 

and the substantially same results were obtained 
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Fig. 4. Morphological changes in A172 induced by the activation of PAR-1 and PAR-2. 
Phase-contrast photomicrographs of A172 before (A) and 24 hours after the addition of 
agonist peptides (50btM) to the culture medium (B control; C PAR-1 peptide; 
D PAR-2 peptide). The stimulation with P A R d  or PAR-2 peptide increased the popula- 

tion of cells with less than two processes. Scale bar = 100 um 
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Fig. 5, Morphological changes in A172 induced by the activation of PAR-1 and PAR-2. 
A172 was cultured with PAR-1 or PAR-2 agonist peptides (50,u M) for 24 hours and the 
population of cells which had less than two or more than three primary processes from cell 
bodies was counted separately. The percentage of cells which had less than two processes 
to the total was determined for the three groups. The results are the means +__ SEM of 
five independent dishes on respective five microscopic fields. *P < 0.01 compared with 

the control 
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Effect of PAR-1 and PAR-2 stimulation by agonist peptides on 
the proliferation of A172 

As shown in Fig. 6, PAR-2 stimulation significantly inhibited cell proliferation 
in A172 at day 1, 3 and 5 while PAR-1 stimulation did not produce any effects 
on the cell proliferation through the observation period. Therefore,  it is 
suggested that the cell signaling pathways leading to morphological  changes 
are common to PAR-1 and PAR-2  stimulation while distinct signalings may 
be involved in the regulation of proliferation in A172 cells. The morphological  
changes were not accompanied by a change in the quanti ty of GFAP protein 
on Western blotting (data not shown). 

Western blot analysis for PKC translocation in A172 

Western blotting revealed that A172 cells expressed PKC-ot, y, e, ~ and ~. 
(Fig. 7). Since PKC translocation from the cytosolic to membrane  fraction has 
been accepted as evidence of enzyme activation (Nishizuka, 1992; Shirai et al., 
1998), we examined the translocation of each PKC isozyme expressed in A172 
after the stimulation of the cells with PAR-1 or PAR-2 agonist peptide to 
know whether  the pattern of PKC isozymes translocated by the two receptors 
were different or not. In fact, on the stimulation of PAR-1 by its agonist 
peptide, PKC-ot, y and t were translocated within 5 rain whereas  on PAR-2 
stimulation by the agonist peptide,  PKC-a ,  y and X were translocated. This 
finding indicated that PAR-1 and PAR-2  stimulation resulted in the translo- 
cation of common PKC isozymes (ct and y) as well as distinct isozymes (t vs. 
~.). Receptor  for activated C kinase-1 ( R A C K - l )  was also translocated 
to the membrane  fraction 15rain after the stimulation of both PAR-1 and 
PAR-2. 
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Fig. 6. Effect of PAR-1 and PAR-2 stimulation by agonist peptides on the proliferation 
of A172. A 172 cells, 5.0 • 104 ceils/well, were cultured for three days before the addition 
of PARd and PAR-2 agonist peptides (50~tM). The cell number was counted at the days 
indicated after the addition of agonist peptides. The results are the means _+ SEM of five 

independent dishes. *P < 0.05, **P < 0.01 compared with the corresponding control 
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Fig. 7. Western blot analysis for PKC translocation in A172. A Expression pattern of 
PKC isozymes in A172 detected with specific monoclonal antibodies. B Translocation of 
respective PKC isozymes 5min after the stimulation of A172 with PAR-1 or PAR-2 
agonist peptides (50[tM). The cytosolic and membrane fractions of At72 cells were 
prepared after the stimulation with peptides. The experiments were repeated three times 

independently and the substantially similar results were obtained 

These experiments  were  repeated  three times separately and the similar 
results were obtained. 

Discuss ion  

RT-PCR demonstra ted  that A172 human  glioblastoma cells express protease- 
activated receptors, PAR-1 and PAR-2  (Sawada et al., 2000). The stimulation 
of PAR-1 and PAR-2 with synthetic peptide agonists corresponding to the 
te thered ligand of the receptor  (Vu et al., 1991; Defy  et al., 1998) resulted in 
a rapid and transient increase in [Ca2+]i. The concentrat ions of the peptides 
required for P A R  activation and the mobilization of Ca ~+ in A172 glioblas- 
toma were compatible with those observed in vascular endothelial  cells 
(Molino et al., 1997), gastric smooth muscle cells (Saifeddine et al., 1996) and 
primary cultures of astrocytes and neurons  from rat hippocampus (Smith- 
Swintovsky et al., 1997). Ca 2+ removal  from incubation medium partially 
inhibited the Ca 2+ responses to PAR-1 and PAR-2  peptides, suggesting the 
mobilization of Ca 2+ from both extracellular and intracellular sources. 

As previously demonst ra ted  in vascular endothelial  cells (Mirza et al., 
1996) and gastric smooth muscle cells (Saifeddine et al., 1996), the homol- 
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ogous desensitization of PAR-1 and PAR-2-mediated Ca 2+ response devel- 
oped rapidly in A172 glioblastoma cells in the present study. Moreover, it 
was interesting that PAR-1 stimulation with not only PAR-1 agonist peptide 
but also thrombin developed desensitization of PAR-2-mediated Ca 2+ re- 
sponse to PAR-2 peptide. Although PAR-1 peptide has been suggested to 
stimulate PAR-2 partially (Blackhart et al., 1996; Hollenberg et al., 1997; 
Kawabata et al., 1999), thrombin did not to stimulate PAR-2 in these studies. 
Therefore, it is likely that P A R d  agonist cross-desensitized PAR-2 in A172 
glioblastoma cells and that there exists a close functional relationship between 
the two protease-activated receptors in A172. The phosphorylation and the 
internalization of PAR-1 have been implicated in the rapid development of 
the homologous desensitization (Shapiro et al., 1996). Therefore, PAR-1 ago- 
nist may also phosphorylate PAR-2 in A172. Since PAR-l-activated expres- 
sion of trypsin-like activity has been recently reported in platelets (Ofosu et 
al., 1998), the possibility could not be excluded that PAR-1 stimulation acti- 
vated a trypsin-like proteinase associated with A172 which in turn activated 
PAR-2. 

Both PAR-1 and PAR-2 stimulation induced similar morphological 
changes; a decrease in the total number of glial processes from single cells and 
mono-or bi-polar spiny shaped cells. These morphological changes are largely 
compatible with those induced by thrombin in glial cells (Cavanaugh et al., 
1990; Nelson and Siman, 1990). Recent studies have suggested that PAR-1 
expression is intimately associated with the phenotype of tumor cells with a 
metastatic and invasive nature (Nierodzik et al., 1998; Even-Ram et al., 1998; 
Henrikson et al., 1999). The morphological changes observed in the present 
study in A172, the decrease in the surface area for the attachment of the cells 
and the decrease in the number of processes, may mean such phenotypic 
changes. Further studies are needed on this line. 

PAR-1 stimulation produced remarkable proliferative effects on 
fibroblasts (Trejo et al., 1996), vascular endothelial cells (Mirza et al., 1996) 
and vascular smooth muscle cells (Bono et al., 1997). Also, it was reported 
that PAR-2 stimulation induced the proliferation of vascular endothelial 
cells (Mirza et al., 1996) and vascular smooth muscle cells (Bono et al., 1997), 
the latter being demonstrated to be dependent on the PDGF released 
from smooth muscle cells. In contrast, PAR-2 stimulation rather inhibited 
the proliferation in A172 cells, and P A R q  stimulation had no effect on 
the proliferation, suggesting the existence of diverse signal transduction 
pathways activated by PARs in different kinds of cells. Although PAR-1 and 
PAR-2 stimulation produced a similar transient increase in [Ca2+]i in 
A172 glioblastoma cells in the present study, the receptor stimulation 
induced different effects on the cell proliferation. This may be ascribed to 
the difference in PKC isozymes activated by receptor stimulation. The 
anti-proliferative effect of PAR-2 stimulation may be related to activation 
of PKC-)v which was not activated by PAR-1 stimulation. The common 
morphological changes to PAR-1 and PAR-2 stimulation may be ascribed 
to Ca a+ signaling as well as PKC isozymes common to both receptor 
activations. 
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Ubl et al. (1998) also observed a [Ca2§ response to thrombin in the 
primary culture of rat astrocytes and C6 glioma. Kaufmann  et al. (1998) 
observed a [Ca2+]i increase in human  glioblastoma. Thus, brain ceils including 
neurons,  astrocytes and gliobtastoma cell lines express functional PAR-1 and 
PAR-2 receptors,  al though the expression level of PAR-2 m R N A  in the brain 
may be relatively low as compared with in other  tissues especially in the 
gastrointestinal tract (Nystedt et al., 1994). 

In the present study, it was demonst ra ted  that human  glioblastoma A172 
cells express functional P A R d  and PAR-2.  Stimulation of these receptors 
produces a similar Ca ~-+ response to agonist peptides, but the resultant long- 
term effects on the cell proliferation are distinct. Different  f rom the vascular 
endothelial  cells and smooth muscle cells, PAR-1 and PAR-2 stimulation did 
not induce the proliferation of A172. Thus, the coupling of PARs  with Ca a-~ 
mobilization was common,  however,  the cell signaling leading to cell prolife- 
ration was different dependent  on the cell type. It has been demonst ra ted  that 
the activation of the mitogen activated protein kinase (MAP kinase) cascade 
occurred in smooth muscle cells on the stimulation of PAR-2 (Bell-tam et al., 
1996). Also, PAR-1 stimulation activated the M A P  kinase cascade leading to 
cell growth (Chert et al., 1996). Thus, it is possible that the celt signaling in 
A172 induced by P A R  activation is different f rom that in vascular endothelial  
and smooth muscle cells. Fur ther  work is necessary to determine whether  the 
activation of the M A P  kinase cascade occurs or not in AI72  gtioblastoma. 

References 

Belham CM, Tate R J, Scott PH, Pemberton AD, Miler HRP, Wadsworth RM, Gould 
GW, Plevin R (1996) Trypsin stimulates proteinase-activated receptor-2-dependent 
and -independent activation of mitogen-activated protein kinases. Biochem J 320: 
939-946 

Blackhart BD, Emilsson K, Nguyen D, Teng W, Martelli AJ, Nystedt S, Sundelin J, 
Scarbough RM (1996) Ligand cross-reactivity within the protease-activated receptor 
family. J Biol Chem 271:16466-16471 

Bono F, Lamarche I, Herbert JM (1997) Induction of vascular smooth muscle cell growth 
by selective activation of the proteinase activated receptor-2 (PAR-2). Biochem 
Biophys Res Commun 241:762-764 

Brass L, Molino M (1997) Protease-activated G protein-coupled receptors on human 
platelets and endothelial cells. Thromb Haemost 78:234-241 

Cavanaugh KP, Gurwitz D, Cunningham DD, Bradshaw RA (1990) Reciprocal 
modulation of astrocyte stellation by thrombin and protease nexin-1. J Neurochem 
54:1735-1743 

Chen Y, Grall D, Satcini AE, Pelicci PG, Pouyssegur J, Van Obberghen-Schilling E 
(1.996) Shc adaptor proteins are key transducers of mitogenic signaling mediated by 
the G protein-coupled thrombin receptor. EMBO J 15:1037-1044 

Chen ZL, Yoshida S, Kato K, Momota Y, Suzuki J, Tanaka T, Ito J, Nishino H, Aimoto 
S, Kiyama H, Shiosaka S (1.995) Expression and activity-dependent changes of a 
novel lymbic-serine protease gene in the hippocampus. J Neurosci 15:5088-5097 

Coughlin SR (1994) Protease-activated receptors start a family. Proc Natl Acad Sci USA 
90:9200-9202 

Defy O, Corvera CU, Steinhoff M, Bunnett NW (t998) Proteinase-activated receptors: 
novel mechanisms of signaling by serine proteases. Am J Physiol 274: Ct429- 
1452 



138 T. Okamoto et al. 

Dihanich M, Spiess M (1994) A novel serine proteinase-like sequence from human brain. 
Biochim Biophys Acta 1218:225-228 

Dihanich M, Kaser M, Reinhard E, Cunningham D, Monard D (1991) Prothrombin 
mRNA is expressed by cells of the nervous system. Neuron 6:575-581 

Even-Ram S, Uziely B, Cohen P, Grisaru-Granovsky S, Moaz M, Ginzburg Y, Reich R, 
Vlodavsky, Bar-Shavit R (1998) Thrombin receptor overexpression in malignant and 
physiological invasion processes. Nature Med 4:909-914 

Gschwend TP, Krueger SR, Koziov SV, Wolfer DP, Sonderegger P (1997) Neurotrypsin, 
a novel multidomain serine protease expressed in the nervous system. Mol Cell 
Neurosci 9:207-219 

Gurwitz D, Cnnningham D (1988) Thrombin modulates and reverses neuroblastoma 
neurite outgrowth. Proc Natl Acad Sci USA 85:3440-3444 

Henrikson KP, Salazar SL, Fenton II JW, Pentecost BT (1999) Rote of thrombin receptor 
in breast cancer invasiveness. Br J Cancer 79:401-406 

Hollenberg MD, Saiffeddine M, Al-ani B, Kawabata A (1997) Protease-activated 
receptors: structural requirements for activity, receptor cross-reactivity, and receptor 
selectivity of receptor-activating peptides. Can J Physiol Pharmacol 75: 832- 
841 

Ishihara H, Connolly A J, Zeng D, Kahn ML, Zheng YW, Timmons C, Tram T, Coughlin 
SR (1997) Protease-activated receptor 3 is a second thrombin receptor in humans. 
Nature 386:502-506 

Kahn ML, Zheng Y-W, Huang W, Bigornia V, Zeng D, Moff S, Farese RV, Tam C, 
Coughlin SR (1998) A dual thrombin receptor system for platelet activation. Nature 
394:690-694 

Kaufmann R, Patt S, Schafberg H, Kalff R, Neupert G, Nowak G (1998) Functional 
thrombin receptor PAR1 in primary cultures of human glioblastoma cells. 
Neuroreport 9:709-712 

Kawabata A, Saifeddine M, Al-Ani B, Leblond L, Hollenberg MD (1999) Evaluation 
of proteinase-activated receptor-1 (PAR1) agonists and antagonists using a cultured 
cell receptor desensitization assay: activation of PAR2 by PARl-targeted ligands. 
J Pharmacol Exp Ther 288:358-370 

Liitle SP, Dixon EP, Norris F, Buckley W, Becker GW, Johnson M, Dobbins JR, Wyrick 
T, Miller JR, MacKeller W, Hepburn D, Corvalan J, McClure D, Liu X, Stephenson 
D, Clemens J, Johnstone EM (1997) Zyme, a novel and potentially amyloidogenic 
enzyme cDNA isolated from Alzheimer's disease brain. J Biol Chem 272: 25135- 
25142 

Mirza H, Yatsula V, Bahou WF (1996) The proteinase activated receptor-2 (PAR-2) 
mediates mitogenic responses in human vascular endothelial cells: molecular 
characterization and evidence for functional coupling to the thrombin receptor. J Clin 
Invest 97:1705-1714 

Molino M, Woolkalis MJ, Reavey-Cantwell J, Pratico D, Andrade-Gordon P, Barnathan 
ES, Brass LF (1997) Endothelial cell thrombin receptors and PAR-2: two protease- 
activated receptors located in a single cellular environment. J Biol Chem 272: 11133- 
11141 

Monard D (1988) Cell-derived proteases and protease inhibitors as regulators of neurite 
outgrowth. Trends Neurosci 11:541-544 

Nelson RB, Siman R (1990) Thrombin and its inhibitors regulate morphological and 
biochemical differentiation of astrocytes in vitro. Dev Brain Res 54:93-104 

Nierodzik ML, Chen K, Takeshita K, Li J J, Huang YQ, Feng XS, D'Andrea MR, 
Andrade-Gordon P, Karpatkin S (1998) Protease-activated receptor 1 (PAR-l) is 
required and rate-limiting for thrombin-enhanced experimental pulmonary meta- 
stasis. Blood 92:3694-3700 

Nishibori M, Chain B, McNicol A, Shalev A, Jain N, Gerrard JM (1993) The protein 
CD63 is in a patient with Hermansky-Pudlak syndrome and appears identical to 
granulophysin. J Clin Invest 91:1775-1782 



PAR-1 and -2 in glioblastoma 139 

Nishizuka Y (1992) Intracellular signaling by hydrolysis of phospholipids and activation 
of protein kinase C. Science 258:607-614 

Nystedt S, Emilsson K, Wahtestedt C, Sundetin J (1994) Molecular cloning of a potential 
proteinase activated receptor. Proc Natl Acad Sci USA 91:9208-9212 

Ofosu FA, Freedman J, Dewar L, Song Y, Fenton JW (1998) A trypsin-like platetet 
protease propagates protease-activated receptor-1 cleavage and platelet activation. 
Biochem J 336:283-285 

Rasmussen UB, Vouret-Craviari V, Jallat S, Schlesinger Y, Pages G, Pavirani A, Lecocq 
J-P, Pouyssegur J, Obberghen-Schilling EV (1991) CDNA cloning and expression of 
a hamster E~-thrombin receptor coupled to Ca 2+ mobilization. FEBS Lett 288: 123- 
128 

Saifeddine M, A1-Ani B, Cheng C-H, Wang L, Hollenberg MD (1996) Rat proteinase- 
activated receptor-2 (PAR-2): cDNA sequence and activity of receptor-derived 
peptides in gastric and vascular tissue. Br J Pharmacol 118:521-530 

Sawada K, Nishibori M, Nakaya N, Wang Z, Saeki K (2000) Purification and 
characterization of a trypsin-like serine proteinase from rat brain slices that degrades 
laminin and type IV collagen and stimulates protease-activated receptor-2. 
J Neurochem 74:1731-].738 

Shapiro MJ, Trejo J, Zeng D, Coughlin SR (1996) Role of thrombin receptor's cytoplas- 
mic tail in intracellutar trafficking. J Biol Chem 271:32874-32880 

Shirai Y, Sakai N, Saito N (1998) Subspecies-specific targeting mechanism of protein 
kinase C. Jpn J Pharmacol 78:411-417 

Smith-Swintosky VL, Zimmer S, Fenton II JW, Mattson MP (1995) Protease nexin-1 
and thrombin modulate neuronal Ca 2+ homeostasis and sensitivity to glucose 
deprivation-induced injury. J Neurosci 15:5840-5850 

Smith-Swintosky VL, Cheo-Isaacs CT, D'Andrea MR, Santulli R J, Darrow AL, 
Andrade-Gordon P (1997) Protease-activated receptor-2 (PAR-2) is present in the 
rat hippocampus and is associated with neurodegeneration. J Neurochem 69: 1890- 
1896 

Suidan HS, Stone SR, Hemmings BA, Monard D (1992) Thrombin causes neurite 
retraction in neuronal cells through activation of cell surface receptors. Neuron 8: 
363-375 

Tapparelli C, Metternich R, Ehrhardt C, Cook NS (1993) Synthetic low-molecular weight 
thrombin inhibitors: molecular design and pharmacological profile. Trends 
Pbarmacol Sci 14:366-376 

Trejo J, Connolly AJ, Coughlin SR (1996) The cloned thrombin receptor is necessary and 
sufficient for activation of mitogen-activated protein kinase and mitogenesis in mouse 
tung fibroblasts: toss of responses in fibrobtasts from receptor knockout mice. J Biol 
Chem 271:21536-21541 

Ubl JJ, Vohringer C, Reiser G (1998) Co-existence of two types of [Ca2+]-inducing 
protease-activated receptors (PAR-1 and PAR-2) in rat astrocytes and C6 glioma 
cells. Nenroscience 86:597-609 

Vaughan PJ, Pike C J, Cotman CW, Cunningham DD (1995) Thrombin receptor acti- 
vation protects neurons and astrocytes from cell death produced by environmental 
insults. J Neurosci 15:5389-5401 

Vu T-KH, Hung DT, Wheaton, VI, Coughlin SR (1991) Molecular cloning of a functional 
thrombin receptor reveals a novel proteolytic mechanism of receptor activation. Cell 
64:1057-1068 

Weinstein JR, Gold SJ, Cunningham DD, Gall CM (1.995) Cellular localization 
of thrombin receptor mRNA in rat brain: expression by mesencephalic dopaminer- 
gic neurons and codistribution with prothrombin mRNA. J Neurosci 15: 2906- 
2919 

Wiegand U, Corbach S, Minn A, Kang J, Muller-Hill B (1993) Cloning of the cDNA 
encoding human brain trypsinogen and characterization of its product. Gene 136: 
167-175 



140 T. Okamoto et al.: PAR-1 and -2 in glioblastoma 

Xu W-F, Andersen H, Whitmore TE, Presnell SR, Yee DP, Ching A, Gilbert T, Davie 
EW, Foster DC (1998) Cloning and characterization of human protease-activated 
receptor 4. Proc Natl Acad Sci 95:6642-6646 

Yamashiro K, Tsuruoka N, Kodama S, Tsujimoto M, Yamamura Y, Tanaka T, Nakazato 
H, Yamaguchi N (1997) Molecular cloning of a novel trypsin-like serine protease 
(neurosin) preferentially expressed in brain. Biochim Biophys Acta 1350:11-14 

Authors' address: Dr. M. Nishibori, Department of Pharmacology, Okayama 
University Medical School, 2-5-1 Shikata-cho, Okayama 700-8558, Japan, e-mail: 
mbori@med.okayama-u.ac.jp 


