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Abstract

 

The mitogenic effect of activated coagulation factor X (fac-

tor Xa) was examined in cultured aortic smooth muscle cells

(VSMC) from Wistar-Kyoto rats (WKY). Factor Xa stimu-

lated DNA synthesis and cell growth in VSMC, not through

the phospholipase C-protein kinase C pathway because in-

crease of inositol monophosphate (IP) accumulation and in-

tracellular Ca

 

2

 

1

 

 concentration was not observed, but proba-

bly via the PDGF receptor tyrosine kinase pathway since

the pathway’s components, Ras, Raf-1, MAPK (both 42 and

44 kD), and the transcription factors, c-Fos and c-Jun, were

activated. These appeared to be effected by the serine pro-

tease activity of factor Xa, since in the presence of serine

protease inhibitors such as PMSF, leupeptin, benzamidine,

TAP anticoagulant, and TLCK, the latter three being spe-

cific inhibitors of the factor Xa active site, the effects were

completely blocked. Anti-factor Xa mAb, 5224, which spe-

cifically negated the activity of factor Xa, also inhibited

completely the mitogenic effect of factor Xa, but not that of

thrombin. Addition of PDGF did not affect the effect of fac-

tor Xa, which, however, was inhibited by anti-PDGF-AB

antibody. This observation and the activation of PDGF re-

ceptor tyrosine kinase pathway suggested that the factor Xa

might exert its effect via PDGF-like function. Direct mea-

surement confirmed that factor Xa stimulated the release of

PDGF from VSMC. Factor Xa, therefore, exerts serine pro-

tease activity on VSMC, causing somehow the release of

PDGF, that in turn acts on the PDGF receptor tyrosine ki-

nase; the pathway is then turned on, leading eventually to

DNA synthesis and cell proliferation. (

 

J. Clin. Invest. 

 

1996.

98:1493–1501.) Key words: factor Xa 

 

•

 

 mitogenesis 

 

•

 

 mito-

gen-activated protein kinase 

 

•

 

 platelet-derived growth fac-

tor 

 

•

 

 vascular smooth muscle cells

 

Introduction

 

Cardiovascular disease remains the chief cause of death in the
world, and atherosclerosis, the principal cause of myocardial
and cerebral infarction, accounts for the major cause of this
disease (1). Proliferation of vascular smooth muscle cells

(VSMC)

 

1

 

 is an essential feature of the pathogenesis of athero-
sclerosis (2). In a normal artery most of the VSMC are con-
fined to the tunica media of the vessel and the intima consists
predominantly of endothelial cells. In atherosclerosis VSMC
migrate into the intima and proliferate to form a fibrous cap
over a lipid-rich core. In addition, VSMC proliferation is a
well-documented cause of the remodeling of the vascular
structure in a hypertensive state (3, 4) or of the restenosis that
occurs in a large percentage of patients after coronary angio-
plasty (5). It is therefore of great interest to investigate the reg-
ulation mechanism of the proliferation of VSMC. There are a
number of studies that reported evidences for the involvement
of various vasoactive substances derived from vascular vessels
in the modulation of VSMC growth (6–8).

Accumulation of fibrin in atherosclerotic lesions is well
known and a link between coagulation and atherogenesis has
long been suspected from clinicopathological studies (9, 10). A
recent study also indicates that an increased ratio of fibrin II to
fibrinogen correlates with more advanced lesions (9). Further-
more, thrombin, the final coagulation enzyme in the pathway
leading to fibrin formation, is a well-established promotor of
VSMC proliferation (11). By analogy with the paradigm of
thrombin, earlier work suggested that factor Xa also partici-
pates in intracellular signaling and vascular cell activation
mechanisms. Binding of factor Xa to human umbilical vein en-
dothelial cells stimulates a concentration-dependent release of
endothelial cell mitogen in a reaction unaffected by hirudin or
by an antibody to factor V (12). More recent experiments fur-
ther extended these observations by demonstrating that factor
Xa acts as a potent mitogen for vascular rat aortic SMC (13).
However, the cellular mechanism of factor Xa-induced VSMC
proliferation, including whether or not the VSMC prolifera-
tion involves the activation of MAPK, has not been elucidated.
Here, we report the results of a series of experiments in an at-
tempt to elucidate the pathway factor Xa activates for VSMC
proliferation. It becomes apparent that factor Xa exerts its ef-
fect indirectly via the release of PDGF that leads to the activa-
tion of MAPK, DNA synthesis and cell growth.

 

Methods

 

Reagents.

 

PDGF-BB homodimer, polyclonal anti-human PDGF-AB
antibody and monoclonal anti-phosphotyrosine antibody (Py20) were
obtained from Upstate Biotechnology Inc. (Lake Placid, NY). A
monoclonal antibody (mAb) against human factor Xa, 5224 was sup-
plied by American Diagnostica Inc. (Greenwich, CT). Anti–murine
recombinant p42

 

mapk

 

 (erk2), anti-rat MAPK (erk 1-CT), and anti–rat
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Raf-1 antibodies were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA). Anti-v-H-ras mAb, Y13-259, was obtained from
Oncogene Science (Uniondale, NY). Benzamidine, N

 

a

 

-p-tosyl-L-lysine
chloromethyl ketone (TLCK), and myelin basic protein (MBP) were
purchased from Sigma Chemical Company (St. Louis, MO). Protein
G–Sepharose was obtained from Pharmacia LKB Biotechnology Inc.
(Bromma, Sweden). [

 

3

 

H]Thymidine (25 Ci/mmol), [

 

g

 

-

 

32

 

P]ATP (

 

.

 

 5000
Ci/mmol) and myo-[2-

 

3

 

H]inositol (17.1 Ci/mmol) were purchased
from Amersham (Buckinghamshire, UK). [

 

32

 

P]Phosphorus was ob-
tained from ICN (Costa Mesa, CA). Factor Xa, factor X, thrombin,
aprotinin, leupeptin, PMSF and hirudin (recombinant) were pur-
chased from Calbiochem (La Jolla, CA). Recombinant tick anticoag-
ulant peptide (rTAP) originally isolated from 

 

Ornithodoros moubata

 

was supplied by Merck Sharp & Dohme Res. Lab. (Rahway, NJ). All
cell culture reagents were purchased from GIBCO BRL (Grand Is-
land, NY). All other chemicals were reagent grade.

 

Chromogenic assay of mAb5224 activity. 

 

The inhibitory activity
of mAb5224 on the function of factor Xa, its antigen, was also mea-
sured chromogenically with S-2222 (Chromogenix), a chromogenic
substrate. 10 

 

m

 

l of factor Xa (final concentration 20 nM) were added
into 0.9 ml of the buffer (50 mM Tris-HCl, pH 8.2, 0.1% BSA) that
contained various amounts of mAb5224 (concentration ranged from
0 to 50 

 

m

 

g/ml), and the mixture was incubated at 37

 

8

 

C for 10 min. 50

 

m

 

g (in 20 

 

m

 

l of volume) of the substrate, S-2222, were then added, and
the absorbance was measured at 405 nm.

 

Cell culture. 

 

Medial explants were dissected from freshly har-
vested rat aortic strips and plated in 100-mm Petri dishes (14). Aortic
SMCs (VSMC) from explants were grown in DME containing fetal
calf serum (FCS, 10%), penicillin G (100 U/ml) and streptomycin
(100 

 

m

 

g/ml), at 37

 

8

 

C in a humidified, 5% CO

 

2

 

 incubator. Explant-derived
cells were initially treated with 0.1% trypsin-4 mM EDTA for 3 min
at 37

 

8

 

C and hereafter, the passage was made conventionally. Cells
from passages 5 through 15 were used for all growth studies. The cells
were characterized as smooth muscle cells by morphology and immu-
nostaining with mAb specific for smooth muscle 

 

a

 

-actin (CGA-7).
For experiments, cells were subcultured into 24-well plates in a me-
dium containing 10% FCS for 24 h with an initial density of 5 

 

3

 

 10

 

4

 

cells per well. The cells were then starved for serum for 48 h to render
them quiescent.

 

[

 

3

 

H]Thymidine incorporation. 

 

Incorporation of [

 

3

 

H]thymidine
into VSMC was measured with minor modifications as described pre-
viously (15). Quiescent cells were incubated with factor Xa in 1 ml
FCS-free DME at 37

 

8

 

C for 20 h, when [3H]thymidine (1 

 

m

 

Ci/ml) was
added for pulse labeling. The cells were further incubated for an addi-
tional 4 h, and then washed twice with 1 ml of phosphate-buffered sa-
line (PBS). The cells were treated with 10% trichloroacetic acid
(TCA) to precipitate the acid-insoluble material, from which the
DNA was extracted with 0.1 N NaOH. The DNA was collected on a
Whatman GF/B filter and washed twice with 5 ml ice-cold PBS. The
filter was then cut and shaken in 3.5 ml scintillation fluid for 24 h be-
fore counting in a liquid scintillation counter.

 

Cell counts. 

 

To determine the effect of factor Xa on cell growth,
cells were seeded in 6-well plates (2 

 

3

 

 10

 

4

 

 cells/well) and cultured for
48 h in DME supplemented with FCS (10%). Cells were then cul-
tured in FCS-free medium for 48 h to induce quiescence. The quies-
cent cells were incubated for 1 or 2 d in medium containing various
agents. The culture medium was replaced with fresh one daily and
cell numbers were determined by counting with a hemocytometer the
adherent cells that had been dissociated with trypsin/EDTA. Tripli-
cate counts were taken for each well, and quadruplicate wells were
used for each determination.

 

Protein synthesis. 

 

Serum-starved cells were cultured in medium
containing stimulating agent for 20 h. Then, cells were incubated for 4 h
in freshly prepared medium that contained [

 

3

 

H]leucine (1 

 

m

 

Ci/ml) for
the measurement of protein synthesis in terms of [

 

3

 

H]leucine incor-
poration. The cells were harvested and homogenized with a sonicator
in 25 mM PBS containing 1 mM EDTA. The homogenate was treated
with ice-cold TCA (5%). The precipitate was washed with the TCA

solution and dissolved in 1 ml of 0.5 N NaOH solution. The radioac-
tivity was measured in a liquid scintillation counter.

 

Flow cytometry. 

 

To estimate the proportion of cells at various
stages in different phases of the cell cycle, cellular DNA content was
measured by flow cytometry (16). Cells were trypsinized, centrifuged
at 1,500 rpm for 3 min, washed with PBS, and then cleared of RNA
with RNase A (0.1 mg/ml). The DNA was stained with propidium io-
dide (40 

 

m

 

g/ml) at 37

 

8

 

C for 30 min, and analyzed with a FACstar
cytofluorometer (Becton-Dickinson; San Jose, CA), with excitation
at 488 nm and emission at 585 nm.

 

[

 

3

 

H]Inositol phosphate accumulation. 

 

Cells for estimation of inosi-
tol phospholipid hydrolysis were grown in 12-well plates. At conflu-
ence, cell monolayers were loaded with [

 

3

 

H]myo-inositol (5 

 

m

 

Ci/ml)
for 24 h in inositol-free DME. The labeled cells were then washed
twice with KHS solution (composition in mM: NaCl 117.5, KCl 5.4,
NaH

 

2

 

PO

 

4

 

 1.2, NaHCO

 

3

 

 25.0, CaCl

 

2

 

 2.5, MgSO

 

4

 

 1.2, glucose 5.5 and
Hepes 25.0; pH 7.4) and incubated for 15 min in the presence of 10
mM LiCl. Factor Xa was then added and incubation continued for 1 h.
The incubation was terminated with the addition of a stopping buffer
(0.1 N NaOH 

 

1

 

 0.4% EDTA) and then 0.1 N HCl (1:1 vol/vol). Cells
were left for a minimum of 30 min at 

 

2

 

20

 

8

 

C, and total [

 

3

 

H]inositol
phosphate was isolated by anion-exchange chromatography as de-
scribed by Alexander et al. (17). The radioactivity was determined in
a scintillation counter.

 

Measurement of intracellular Ca

 

2

 

1

 

 level. 

 

VSMC were cultured on
a glass coverslip and incubated in a medium containing 5 

 

m

 

M of fura-
2/AM, a Ca

 

2

 

1

 

 indicator, for 45 min at 37

 

8

 

C. The loaded coverslip was
then mounted in a specially designed holder which enabled the cover-
slip to be positioned diagonally in a polymethacrylate cuvette. Each
cuvette contained 2.4 ml of KHS solution, to which 100 

 

m

 

l of the drug
were added, and the fluorescence was measured at 37

 

8

 

C with a spec-
trophotometer (CAF-100; Jasco, Japan). The excitation wavelengths
were 340 and 380 nm, and the emission wavelength was 510 nm. The
ratio of the excitation fluorescence at 340 nm (F340) to that at 380 nm
(F380) was calculated from illumination periods and referred to as
R

 

340/380

 

. The ratio was used to estimate the intracellular Ca

 

2

 

1

 

 concen-
tration as described by Grynkiewicz et al. (18).

 

MAPK assay. 

 

Quiescent VSMC were stimulated with factor Xa
for the indicated time. After washing once with ice-cold PBS, the cells
were lysed with ice-cold lysis buffer (consisted of, in mM, Hepes 20,

 

b

 

-glycerophosphate 80, Na

 

3

 

VO

 

4

 

 0.2, dithiothreitol 2, EGTA 10, phe-
nylmethylsulfonyl fluoride [PMSF] 0.1, and EDTA 2). The cells were
then sonicated for 5 s and centrifuged at 14,000 

 

g

 

 at 4

 

8

 

C for 30 min
(Beckman TL-100). The supernatant was used as the source of
MAPK. Aliquots containing an equal amount of protein (2 mg) were
used for immunoprecipitation. The kinase was assayed using 

 

32

 

P
phosphorylation of MBP as a measurement of MAPK activity as de-
scribed by Morinelli et al. (19). The reaction mixture (containing, in
mM unless otherwise noted, 

 

b

 

-glycerophosphate 5, Hepes 20, MgCl

 

2

 

10, dithiothreitol 2, 0.02% Triton X-100, Na

 

3

 

VO

 

4

 

 0.1, ATP 0.05, as
well as [

 

g

 

-

 

32

 

P]ATP 5 

 

m

 

Ci and MBP 1 mg/ml) was incubated with 20 

 

m

 

l
of the protein sample for 30 min at 25

 

8

 

C. Incorporation of 

 

32

 

P was
measured as described by Erikson et al. (20).

 

Immunoprecipitation and immunoblot analysis. 

 

VSMC treated with
factor Xa as described above were lysed in 1 ml of the immunoprecip-
itation buffer containing 20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 40
mM sodium pyrophosphate, 50 mM NaCl, 100 

 

m

 

M Na

 

3

 

VO

 

4

 

 and 1%
Triton X-100, and centrifuged at 14,000 

 

g

 

 for 10 min. The supernatant
was then incubated with 2 

 

m

 

g/ml of anti-rat MAPK at 4

 

8

 

C for 2 h. All
immune complexes were pre-cleared by incubation with protein G-aga-
rose (Gamma Bind G; Genex Corp., Gaithersburg, MD) at 4

 

8

 

C for 1 h.
The immunoprecipitates were washed three times with 1 ml immuno-
precipitation buffer and treated with 20 

 

m

 

l Laemmli’s sample buffer.
The proteins were separated by 10% SDS-PAGE, and subjected to
Western blot analysis using 100 

 

m

 

l anti-phosphotyrosine mAb (Py20)
as the primary antibody and goat anti–mouse IgG conjugated to alka-
line phosphatase (200-fold dilution) as the secondary antibody. The
blot was developed by adding the alkaline phosphatase substrate
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5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium (BCIP/
NBT) in 0.1 M Tris (pH 8.9) for 30 min.

 

Analysis of Ras-bound GTP and GDP. 

 

Quiescent cells were la-
beled with 0.2 mCi/ml [

 

32

 

P]phosphorus in phosphate-free DME for 4
h, and stimulated with factor Xa for 2 min. The cells were lysed in Tri-
ton X-114 buffer containing 50 mM Hepes-NaOH (pH 7.4), 1% Tri-
ton X-114, 100 mM NaCl, 5 mM MgCl

 

2

 

, 1 mM PMSF, 100 

 

m

 

M GTP,
100 

 

m

 

M GDP, 1 mM ATP, 20 

 

m

 

g/ml aprotinin, 1 mM sodium pyro-
phosphate, and 1 mM Na

 

3

 

VO

 

4

 

. The phosphate inhibitors were in-
cluded in the buffer to improve the recovery of GTP form of Ras
(21). Membrane-bound Ras was recovered by detergent phase split-
ting (22) and immunoprecipitation with an anti-p21

 

ras

 

 mAb (Y13-259)
with the aid of protein G-Sepharose. The immune complex was
washed with washing buffer containing 50 mM Hepes-NaOH (pH
7.4), 5 mM MgCl

 

2

 

, 50 mM NaCl, 1 mM sodium pyrophosphate, 1 mM
Na

 

3

 

VO

 

4

 

 and 0.1% Triton X-100. Guanine nucleotide bound to Ras
was eluted and analyzed by thin layer chromatography on a polyeth-
yleneimine-cellulose plate. The result was expressed as GTP/(GTP 

 

1

 

GDP) 

 

3

 

 100(%), which indicated the amount of GTP-bound Ras be-
fore and after an exposure to factor Xa.

 

p74

 

raf–1

 

 activity assay. 

 

Quiescent VSMC were stimulated with
factor Xa for the indicated time, and washed with ice-cold PBS. Cells
were scraped and lysed in 1 ml of lysis buffer containing 50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 40 mM 

 

b

 

-gly-
cerophosphate, 50 mM NaF, 10 mM sodium pyrophosphate, 200 

 

m

 

M
Na

 

3

 

VO

 

4

 

, 25 

 

m

 

g/ml leupeptin, 200 

 

m

 

g/ml aprotinin, 1 mM PMSF, 10%
glycerol and 1% Triton X-100. The cell lysate was centrifuged at
14,000 

 

g

 

 for 10 min. Raf-1 protein was immunoprecipitated with
COOH-terminal–specific polyclonal antibody as described by Sozeri
et al. (23) and incubated for 30 min at 25

 

8

 

C in 20 

 

m

 

l of kinase buffer
containing 10 mM Tris-HCl (pH 7.5), 10 mM MnCl

 

2

 

, 150 mM NaCl, 2
mM dithiothreitol, 1% Triton X-100, 1 

 

m

 

M ATP, 0.2 

 

m

 

Ci [

 

g

 

-

 

32

 

P]ATP
and 0.8 

 

m

 

g of recombinant glutathione-S-transferase-MAPKK. The
kinase reaction was stopped by the addition of Laemmli’s sample
buffer. The sample was electrophoresed in 7.5% SDS-PAGE and au-
toradiographed.

 

Nuclear extract preparation and Western blotting. 

 

Cells (2 

 

3

 

 10

 

7

 

)
were collected in PBS and pelleted at 500 

 

g

 

 for 5 min at 4

 

8

 

C. The cells
were lysed in 1 ml of lysis buffer (10 mM Tris-HCl, 140 mM KCl, 5
mM MgCl

 

2

 

, 1 mM DTT, pH 7.9) containing freshly added protease
inhibitors (0.25 mM PMSF and 2.5 

 

m

 

g each of antipain, leupeptin,
chymostatin and pepstatin A). After the lysis, 1 ml of lysis buffer con-
taining 1% Nonidet P-40 was then added and the cells were further
incubated for 5 min on ice. The nuclei were collected by centrifuging
at 500 

 

g

 

 for 5 min at 4

 

8

 

C, washed with 1 ml of cold buffer (20 mM
Tris-HCl, 20% glycerol, 140 mM KCl, 10 mM MgCl

 

2

 

, 1 mM DTT)
and resuspended in 500 

 

m

 

l of nuclear extraction buffer (0.35 M NaCl,
5 mM EDTA, 1 mM DTT, 10 mM Hepes, pH 7.5) containing the
above mentioned protease inhibitors. After 30 min at 4

 

8

 

C with peri-
odic stirring, the mixture was centrifuged at 10,000 

 

g

 

 for 15 min and
the supernatant containing the nuclear extract was used for Western
blotting. After 8% SDS-PAGE, the proteins were transferred to a ni-
trocellulose paper. The paper was soaked in 5% nonfat milk for 45
min to decrease nonspecific binding, and then allowed to react with
specific antibody dissolved in 5% nonfat milk for 45 min. The mem-
brane was washed twice, each time for 7 min, with Tris-buffered sa-
line (10 mM Tris-HCl, 150 mM NaCl, pH 8.0), containing 0.05%
Tween 20, and then incubated with horseradish-peroxidase-conju-
gated goat anti-rabbit (for Fos and Jun) antibody at 1:3000 dilution in
5% non-fat milk for 30 min. Next, the membrane was washed three
times, each time for 5 min, with Tris-buffered saline containing 0.05%
Tween 20, and once for 5 min with Tris-buffered saline. Signals were
detected by exposure to x-ray film.

Determination of PDGF content in conditioned medium. Conflu-
ent cultures of VSMC in 35-mm Petri dishes were washed with PBS
and placed in fresh serum-free DME. Factor Xa was added to dishes
for indicated times. Conditioned medium was centrifuged at 4,000 g
for 10 min to remove debris and stored at 48C. The medium was used

for assay within 7 d. The concentration of PDGF in the conditioned
medium was determined using an enzyme immunoassay (EIA) for
PDGF, as described by Kumar et al. (24). Purified human PDGF was
used to construct a standard curve, with which a regression line of the
best fit from the linear portion of the standard curve was determined.
The amount of PDGF in conditioned medium was expressed as ng/
106 cells of PDGF.

Data analysis. The experimental results were expressed as the
mean6SEM and accompanied by the number (n) of observations. A
one-way Analysis of Variance (ANOVA) was used for multiple com-
parison. If there was a significant variation between treatment
groups, Student’s t-test was applied. A P value of , 0.05 was consid-
ered to be statistically significant.

Results

Effect of factor Xa on [3H]thymidine incorporation in VSMC.

As shown in Fig. 1, [3H]thymidine incorporation steadily in-
creased as the dose of factor Xa increased, reaching a plateau at
6 nM (this amount was used hereafter unless otherwise men-
tioned) with an EC50 value of 0.4660.03 nM. In contrast, factor
X (0.02–20 nM) stimulated little [3H]thymidine incorporation
even at a dose as high as 20 nM. Similarly, when FCS (1%),
ADP (1 mM), angiotensin II (1 nM), PDGF (0.2 ng/ml), or the
supernatant (50 ml) of collagen (0.5 mg/ml)-challenged human
platelet suspension was added, no significant [3H]thymidine in-
corporation (2069, 2368, 2468, 1569, and 2466% increase
over the basal level, respectively; n 5 4–6) was observed. How-
ever, these factors except PDGF markedly potentiated VSMC
for the factor Xa-stimulated DNA synthesis (Fig. 2).

The factor Xa-induced [3H]thymidine incorporation was
inhibited by serine protease inhibitors, PMSF and leupeptin,
but not by aprotinin (Fig. 3). The similar inhibitory effect on
factor Xa (6 nM)-induced DNA synthesis was also obtained
with benzamidine, TLCK and rTAP, all specific inhibitors of
the factor Xa active site with IC50 values 3.660.9 mM, 3.360.1
mM, and 4.660.1 nM, respectively. Furthermore, mAb5224,
an anti-factor Xa mAb, also markedly inhibited DNA synthe-
sis induced by factor Xa (Fig. 3) but not that caused by throm-
bin (0.01–3 U/ml, data not shown). Chromogenic test indicated

Figure 1. Increase in [3H]thymidine incorporation into VSMC stimu-
lated with factor X or factor Xa. [3H]Thymidine was added 20 h after 
the exposure of quiescent cells to factor X (d) or Xa (s) and incuba-
tion was continued for another 4 h. Basal [3H]thymidine incorpora-
tion was 104612 dpm. Data are expressed as the mean6SEM (n 5 6, 
each point in quadruplicate).
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that mAb5224 also inhibited the enzyme activity of factor Xa
(20 nM) in a concentration-dependent manner with an IC50 of
12.562.3 mg/ml (n 5 6). On the other hand, hirudin (0.3 U/ml),
a highly specific thrombin inhibitor, inhibited DNA synthesis
induced by thrombin (0.3 U/ml) (from 379654 down to 664%
increase over the basal level, n 5 5) as expected but not that
caused by factor Xa (6 nM; 397618 vs. 412629% increase over
the basal level, n 5 4). Other inhibitors, such as genistein, lav-

endustin A, tyrphostin 9 and a polyclonal anti-human PDGF-AB
antibody, also inhibited factor Xa-stimulated DNA synthesis
in VSMC (Fig. 4). The IC50 of lavendustin A or genistein was
3.160.2 and 265619 nM, respectively.

Effects of factor Xa on cell number and protein content.

The effects of factor Xa on cell number and protein content
were next evaluated. As shown in Table I, factor Xa, FCS and
PDGF increased the number and protein content of the cell.
Both increases induced by factor Xa were blocked by
mAb5224 and rTAP. The mitogenic effect was also assessed by
flow cytometry. As shown in Fig. 5 A, 95% of quiescent VSMC
were in the growth-arrested (Go/G1) phase of the cell cycle,
whereas after 20 h stimulation with factor Xa, 43% of the
VSMC were in the S phase and 12% in the G2/M phase of the
cell cycle (Fig. 5 B). mAb5224 and anti–human PDGF-AB an-
tibody markedly inhibited this response (Fig. 5, C and D).

Activation of MAPK by factor Xa. DNA synthesis and thus
cell proliferation were usually preceded by MAPK activation.
We therefore checked to see whether or not factor Xa acti-
vated MAPK. Western blot analysis of VSMC lysates with a
mAb against the 42- and 44-kD MAPK confirmed that both
isoforms were present in cultured VSMC from WKY. Activa-

Figure 2. Potentiation of VSMC for [3H]thymidine incorporation 
stimulated with factor Xa. Quiescent cells were stimulated with factor 
Xa in the presence of saline (s, control), FCS (1%, d), ADP (1 mM, 
n), angiotensin II (1 nM, m), PDGF (0.2 ng/ml, h), or the superna-
tant from collagen (0.5 mg/ml)-challenged human platelet suspension 
(50 ml, j) for 24 h. Labeling of [3H]thymidine was carried out as de-
scribed in the legend to Fig. 1. Basal [3H]thymidine incorporation was 
113615 dpm. Data are presented as the mean6SEM (n 5 4–6, each 
assayed in quadruplicate). The results obtained in the presence of 
FCS, ADP, angiotensin II, and the supernatant from collagen-chal-
lenged human platelet suspension, respectively, are significantly dif-
ferent from that of control (s).

Figure 3. Inhibition of factor Xa-induced [3H]thymidine incorpora-
tion by PMSF, leupeptin, aprotinin and mAb5224. Quiescent cells 
were stimulated with factor Xa in the absence (s, control) or pres-
ence of PMSF (10 mM, d; 30 mM, n), leupeptin (1 mg/ml, m), aproti-
nin (2.5 mg/ml, h) or mAb5224 (2.5 mg/ml, j) for 24 h. See the legend 
of Fig. 1 for the labeling with [3H]thymidine. Basal [3H]thymidine in-
corporation was 121614 dpm. Data are the mean6SEM (n 5 5–6, 
each point assayed in quadruplicate). Each data point in the presence 
of PMSF, leupeptin or mAb5224 is significantly different from con-
trol (s).

Figure 4. Inhibition of factor Xa-stimulated [3H]thymidine incorpo-
ration by lavendustin A, genistein, tyrphostin 9, and anti–human 
PDGF-AB antibody. In A, quiescent cells were stimulated with factor 
Xa (6 nM) in the absence (control) or presence of various concentra-
tions of lavendustin A (s) or genistein (d) for 24 h. In B, cells were 
stimulated with factor Xa (6 nM, h) or PDGF (2 ng/ml, j), in the ab-
sence (control) or presence of tyrphostin 9 (0.1 mM, ) or anti–human 
PDGF-AB antibody (5 mg/ml, ) for 24 h. [3H]Thymidine was added 
20 h after the exposure of the quiescent cells to factor Xa or PDGF 
and incubation was continued for another 4 h. Basal [3H]thymidine 
incorporation was 115611 dpm. Data are expressed in the mean6 

SEM (n 5 4–6, each assayed in quadruplicate). *P , 0.001 as com-
pared with the respective control.
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Table I. Stimulation of Cell Growth and Protein Synthesis by 
Exposure to Factor Xa, FCS, and PDGF

Treatments

Cell number (fold)
Protein content

(fold)

Day 1 Day 2 Day 1

Resting 1.0060.09 1.3260.17 1.0060.08

Factor Xa 1.8560.02* 2.3060.17* 2.5860.21*

mAb 5224 1 Factor Xa 1.1660.07‡ 1.4960.19§ 1.2860.17‡

rTAP 1 Factor Xa 1.0560.02‡ 1.2560.10‡ 1.1560.09‡

FCS 2.1160.08* 3.6060.14* 4.4260.26*

PDGF 1.9060.10* 2.5060.20* 2.5160.26*

Quiescent cells were treated with factor Xa (6 nM), FCS (10%) or

PDGF (2 ng/ml) in the absence or presence of mAb5224 (2.5 mg/ml) or

rTAP (10 nM) for 1 or 2 d. After specific times, the cells were washed

and the cell number or the radioactivity counted. The radioactivity of

[3H]leucine incorporation into resting VSMC was 349635 dmp/mg pro-

tein. Data are the mean6SEM (n 5 6, for quadruplicate samples). *P ,

0.001 as compared with the resting cells. ‡P , 0.001; and §P , 0.01 as

compared with the factor Xa-treated cells.

tion of both forms was therefore examined. Activation of
MAPK requires phosphorylation of both tyrosine and threonine
residues (25); thus tyrosine phosphorylation was measured as the
sign of MAPK activation. Cell lysates were immunoprecipi-
tated with anti-mouse MAPK 1 (erk 1) and anti-MAPK 2 (erk 2)
antibodies which were further treated with anti-phosphoty-
rosine antibody (Py20) in Western blotting. As shown in Fig. 6
A, tyrosine phosphorylation in both 42- and 44-kD MAPK was

observed 2 min after stimulation, reaching a peak at 10 min,
and decreasing gradually thereafter. Consistent with this re-
sult, increase in MAPK activity as a function of time was ob-
served (Fig. 6 C). The tyrosine phosphorylation was inhibited
by concomitant treatment of VSMC with mAb5224 (2.5 mg/
ml), PMSF (30 mM), anti–human PDGF-AB antibody (5 mg/
ml), lavendustin A (30 nM) or tyrphostin 9 (0.1 mM) (Fig. 6 B).
It was also inhibited, as expected, by benzamidine (100 mM)
and TLCK (10 mM) (data not shown). The MAPK activity
was also increased 4.560.4-fold in VSMC challenged with
PDGF (2 ng/ml) for 10 min.

Effect of factor Xa on the production of c-Fos and c-Jun.

Activated MAPK have been shown to convert certain tran-
scription factors such as c-Fos and c-Jun, into active forms,
which in turn activate transcription (26–28). Therefore, the
production of the c-Fos and c-Jun proteins was checked as a
sign of activation. As shown in Fig. 7, factor Xa induced
3.2060.45- and 4.8060.75-fold increase in c-Fos and c-Jun pro-
duction, respectively. In the presence of mAb5224 (2.5 mg/ml),
PMSF (30 mM) or lavendustin A (30 nM), this production was
completely inhibited (Fig. 7 C). Benzamidine (100 mM) and
TLCK (10 mM) also inhibited the production completely (data
not shown).

Effect of factor Xa on the formation of inositol phosphates

and intracellular free Ca21 concentration. One of the path-
ways that activate MAPK is the activation of phospholipase C.
We therefore checked whether or not factor Xa induced
[3H]inositol phosphate (IP) accumulation and Ca21 mobilization,
both a sign of phospholipase C activation. The results indi-
cated that factor Xa (6 nM) showed no effect, while thrombin
(1 U/ml) stimulated 2.060.1-fold increase in [3H]IP (n 5 4).
Similar effects of the factors on intracellular free Ca21 concen-

Figure 5. Effect of factor Xa on cell cycle 
progression of VSMC. Quiescent cells were 
stimulated with factor Xa (6 nM) in the ab-
sence (B, control) or presence of mAb5224 
(2.5 mg/ml, C) or anti–human PDGF-AB 
antibody (5 mg/ml, D) for 20 h. A indicates 
the DNA content for the untreated resting 
cells.
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tration in VSMC were observed: the free Ca21 concentration
in resting VSMC was measured to be 106614 nM (n 5 4), and
this level was altered little when factor Xa was added; whereas
a 177626 nM (n 5 4) increase over the basal level was ob-
served when thrombin (1 U/ml) was present.

Effects of factor Xa on Ras-GTP accumulation and p74 raf-1

activation. Another pathway that would activate MAPK is via
activation of MAPK kinase (MAPKK, MEK), a direct up-
stream activator of MAPK, and this pathway involves p21ras

and p74raf-1(29). We therefore measured the GTP form of Ras
and Raf-1 activity in VSMC to see whether factor Xa-stimu-
lated MAPK activation was achieved via activation of Ras and
Raf. In quiescent VSMC, endogenous p21ras was almost en-
tirely in the inactive form. The ratio of GTP/GTP1GDP
bound to p21ras was thus measured and found to be markedly
increased by the presence of factor Xa (Fig. 8 A). On the other
hand, p74raf-1 kinase activity in unstimulated VSMC was
350639 pmol/min per mg protein and increased by 79611%
when factor Xa was added (Fig. 8 B). A 90613% increase in
Raf-1 kinase activity was observed when exogenous PDGF (2
ng/ml) was added. Both Ras-GTP accumulation and p74raf-1 ac-
tivation induced by factor Xa were inhibited by mAb5224,
PMSF, lavendustin A, tyrphostin 9, or anti-human PDGF-AB
antibody (Fig. 8). Again, benzamidine (100 mM) or TLCK (10

mM) almost completely inhibited factor Xa-induced p74raf-1 ac-
tivity (362 and 763% increases over basal activity, respec-
tively).

Effect of factor Xa on PDGF release. The above observa-
tion that the effect of factor Xa was blocked by anti–human
PDGF-AB antibody suggested that PDGF might be involved.
Therefore, the kinetic of PDGF production was measured.
The PDGF content in the conditioned medium derived from
resting VSMC was 0.2060.07 ng/106 cells. The addition of fac-
tor Xa seemed to enhance the release of PDGF: the amount
was significantly increased in 1 min after stimulation and
reached a peak at 180 min (Fig. 9 A). This factor Xa-induced
PDGF release was not blocked by concomitant treatments of
VSMC with actinomycin D or cycloheximide. On the other
hand, mAb5224 markedly inhibited factor Xa-induced PDGF
release from VSMC (Fig. 9 B).

Discussion

Coagulation protease, locally generated by limited proteolysis,
interacts with vascular cell membrane receptors to trigger a
panoply of intracellular signaling events, which manifest early
mechanisms of cell activation, cell adherence and intracellular
communication, and modulation of gene expression, culminat-
ing in proliferation of normal and malignant cells. Although
factor Xa, the activated form of factor X, the vitamin K-depen-
dent coagulation zymogen, has been known to influence such
cellular effector functions, the role of and the cellular mecha-
nism induced by factor Xa in VSMC proliferation are largely
unknown. We showed here that factor Xa is a progression fac-

Figure 6. Kinetics of tyrosine phosphorylation and activation of 
MAPK in VSMC stimulated by factor Xa. Quiescent cells were stim-
ulated with factor Xa (6 nM) for the indicated time periods (A) or for 
10 min (B) in the absence (lane b, control) or presence of mAb5224 
(2.5 mg/ml, lane c), PMSF (30 mM, lane d), anti–human PDGF-AB 
antibody (5 mg/ml, lane e), lavendustin A (30 nM, lane f) or tyrphos-
tin 9 (0.1 mM, lane g). Immunoprecipitation of cell lysates with anti–
rat MAPK antibody and Western blotting analysis with anti-phos-
photyrosine antibody (Py20) were performed. 0 min in A and lane a 
in B indicate tyrosine phosphorylation of 42- and 44-kD MAPK in 
resting VSMC. In C, quiescent cells were stimulated with factor Xa (6 
nM) for the indicated time periods. The MAPK activity in the cell ly-
sate was determined as described in Methods. Basal MAPK activity 
of VSMC was 550630 pmol/min per mg protein. Data are the 
mean6SEM (n 5 6).

Figure 7. Accumulation of c-Fos and c-Jun in VSMC treated with 
factor Xa, and its inhibition by mAb5224, PMSF and lavendustin A. 
Cells were stimulated with factor Xa (6 nM) for 90 min (c-Fos) or 240 
min (c-Jun) in the absence (lane b and j, control) or presence of 
mAb5224 (2.5 mg/ml, lane c and ), PMSF (30 mM, lane d and ) or 
lavendustin A (30 nM, lane e and ). The c-Fos and c-Jun accumula-
tions were obtained by Western blotting as described in Methods. 
Lane a in both panels indicates the c-Fos and c-Jun of untreated cells.
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tor for proliferation of VSMC: it induced protein and DNA
synthesis, increased cell number, and promoted cell cycle pro-
gression in cultured VSMC. As discussed below, such effects
of factor Xa are an indirect one: it stimulates VSMC to release
PDGF, that activates the PGDF receptor tyrosine kinase path-
way, leading eventually to cell growth.

First, the possibility that such phenomena are the results of
contaminating thrombin, also a coagulation enzyme and a
well-established promoter of VSMC proliferation in vitro (30),
has been ruled out results of tests with mAb5224 and hirudin.
The observation that factor Xa-induced VSMC proliferation is
dependent on its serine protease activity is supported by the
results of experiments with serine protease inhibitors, espe-
cially with benzamidine, TAP anticoagulant, and TLCK, which
are specific inhibitors of factor Xa active site. The zymogen,
factor X, the precursor of Xa, did not stimulate VSMC prolif-
eration.

Some proteins, like factor X, of the coagulation cascade
contain EGF-like domains (31, 32). Among them, protein S

Figure 8. Activation of p21ras (A) and p74raf-1 (B) by factor Xa in 
VSMC. (A) Quiescent cells labeled with [32P]phosphorus were incu-
bated with factor Xa (6 nM) in the absence (lane b, control) or pres-
ence of mAb5224 (2.5 mg/ml, lane c), PMSF (30 mM, lane d), anti–
human PDGF-AB antibody (5 mg/ml, lane e), lavendustin A (30 nM, 
lane f) or tyrphostin 9 (0.1 mM, lane g) for 2 min. Labeling of the cells 
and analysis of Ras-bound GTP and GDP were done as described in 
Methods. Lane a indicates the Ras-bound GTP and GDP content in 
untreated VSMC. (B) Cells were treated with factor Xa (6 nM) in the 
absence (control, j) or presence of mAb5224 (2.5 mg/ml, ), PMSF 
(30 mM, ), anti–human PDGF-AB antibody (5 mg/ml, ), laven-
dustin A (30 nM, ), or tyrphostin 9 (0.1 mM, ) for 2 min. Raf-1 
was immunoprecipitated with a COOH-terminal–specific polyclonal 
antibody and its activity determined. Raf-1 activity of unstimulated 
VSMC was 350639 pmol/min per mg protein. Data are presented as 
the mean6SEM (n 5 6). *P , 0.001 as compared with the control.

Figure 9. Stimulation of PDGF release in VSMC treated with factor 
Xa, and its inhibition by actinomycin D, cycloheximide and 
mAb5224. Cells were treated with factor Xa (6 nM) for the indicated 
times (A) or for 180 min (B) in the absence (control, j) or presence 
of actinomycin D (0.5 mg/ml, ), cycloheximide (10 mM, ) or 
mAb5224 (2.5 mg/ml, ). The PDGF content in the conditioned me-
dium from resting VSMC was 0.2060.07 ng/106 cells. Data are pre-
sented as the mean6SEM (n 5 6–8). *P , 0.001 as compared to the 
control.

Figure 10. A diagram of probable activation steps induced by factor 
Xa. Factor Xa, with its serine protease activity, somehow acts on the 
VSMC to stimulate the release of PDGF, that interacts with the re-
ceptor tyrosine kinase (R-TyK) to activate the pathway.
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markedly stimulates VSMC proliferation but factors VII and
IX and protein C do not (13). Addition of a monoclonal anti-
body (mAb41) against the epitopes of the third and fourth
EGF-like domains of protein S abolishes its mitogenic activity,
suggesting that the EGF-like domains are the active mitogenic
sites (13). However, despite considerable sequence similarities
between these coagulation factors, not all are mitogenic, sug-
gesting that the presence of an EGF-like domain alone does
not necessarily confer mitogenic activity. Factor X contains
EGF-like domains but does not stimulate VSMC proliferation,
implying that factor Xa-induced VSMC proliferation is proba-
bly not mediated by its EGF-like domains. This conclusion is
supported by the observation that, selective inhibitors of the
PDGF receptor tyrosine kinase, such as tyrphostin 9 (33), in-
hibited PDGF- and factor Xa-induced DNA synthesis but not
that induced by EGF. As shown earlier, the action of factor Xa
is inhibited by mAb5224, benzamidine, rTAP, and TLCK, all
of which act on the active site, i.e., the serine protease activity,
and therefore, VSMC proliferation appears to be mediated
through this activity.

One of the action of factor Xa on VSMC is the activation of
MAPK, which are a family of kinases that are well character-
ized intracellular mediators of cell proliferation (26, 29). They
are activated by various growth factors such as thrombin and
angiotensin II (30, 34). We have shown here that factor Xa ac-
tivates the 42- and 44-kD MAPK as a function of time and
concentration, and this activation is accompanied by tyrosine
phosphorylation, which is a part of the established mechanism
for the activation of MAPK (26, 29). As far as we know, this is
the first demonstration that factor Xa induces tyrosine phos-
phorylation, which signifies the activation of MAPK in rat
VSMC. The activated MAPK, as we showed, increases c-Fos
and c-Jun in VSMC, and such increase is completely blocked
by mAb5224, PMSF, lavendustin A, benzamidine and TLCK.
Recent studies indicate that extracellular signals cause cell
proliferation by modulating transcription factor activity in the
nucleus via protein phosphorylation cascades (35), and certain
transcription factors, such as c-Fos and c-Jun, are substrates
for MAPK (26). Therefore, it seems that the activation of
MAPK by factor Xa leads to phosphorylation of the transcrip-
tion factors that, in turn, lead to the expression of genes for
DNA synthesis and cell proliferation.

The next question is what pathway Xa induces for the acti-
vation of MAPK. Stimulation of phosphoinositide hydrolysis
produces two second messengers, diacylglycerol and IP3. The
former is known to activate protein kinase C (PKC), and the
latter release of Ca21 from the intracellular storage. The acti-
vation of PKC and increase of intracellular Ca21 appear to ac-
count for most of the early proliferative events (36). Throm-
bin, angiotensin II and phorbol ester stimulate PKC in VSMC
also induce tyrosine phosphorylation and MAPK activity in
the cell (37, 38). Since factor Xa, increases neither [3H]inositol
phosphate formation nor intracellular Ca21 concentration, the
MAPK activation is not mediated by G-protein–coupled phos-
phoinositide hydrolysis. This is consistent with the recent find-
ing that cloned factor Xa receptor, EPR-1, does not belong to
the superfamily of G-protein–coupled receptors (39).

Another pathway that activates MAPK involves the Ras-
Raf-1-MAPKK activation initiated by activation of tyrosine ki-
nase receptors. In the presence of factor Xa, both Ras and
Raf-1 are indeed activated, and this activation was shown
again to be blocked by PMSF, mAb5224, lavendustin A, tyr-

phostin 9, benzamidine, and TLCK. Thus, factor Xa-stimu-
lated MAPK activity appears to be mediated by PDGF recep-
tor tyrosine kinase and serine protease activity of factor Xa is
essential for the mitogenic activity. These results also imply
that the mitogenic effect of factor Xa is mediated by a PDGF-
like activity, and the results of anti-human PDGF-AB anti-
body that inhibits all factor Xa-induced phenomena indicate
that factor Xa might stimulate the release of PDGF. Indeed, a
direct measurement indicates the release of PDGF from factor
Xa-challenged VSMC. The release of PDGF from VSMC was
inhibited by mAb5224 but not by actinomycin D or cyclohex-
imide, indicating that Xa stimulates VSMC to release PDGF and
that the release does not require RNA or protein synthesis.

In summary, as shown in Fig. 10: factor Xa, via its serine
protease activity, somehow stimulates the release of preexist-
ing PDGF from VSMC; the PDGF in turn activates MAPK
through the receptor tyrosine kinase-Ras-Raf-1 pathway, caus-
ing phosphorylation of transcription factors; which then induce
gene expression, leading to DNA synthesis and the growth of
the cell.

Intimal VSMC hyperplasia is the primary cause of vascular
reocclusion and restenosis after angioplasty (5, 40). If the en-
dothelial cell barrier in vivo is altered, the factor Xa-mediated
VSMC mitogenesis that we observed in vitro could contribute,
after angioplasty, to the high rate of arterial restenosis and
even to atherogenesis.
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