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Prostacyclin Stimulation of the Activation of Blood 
Coagulation Factor X by Platelets 

When platelets were incubated with prostacyclin, prostaglandin El, or prostaglandin 
D2 at concentrations insuflicient to increase the level of adenosine 3',5'-rnonophos- 
phate (cyclic AMP), coagulation factor X was activated by a platelet cysteine protease. 
Prostacyclin or prostaglandin El at higher concentrations increased the cyclic AMP 
level and inhibited the activation of factor X by platelets. Inhibition of platelet 
adenylate cyclase by 2',5'-dideoxyadenosine allowed the activation of the protease at 
higher concentrations of the autocoids. Prostaglandins Al, A?, B1, B2, E2, 6-keto- 
prostaglandin PI,, and thrornboxane B2, which do not affect platelet cyclic AMP level, 
did not stimulate the protease. 

T HE BLOOD COAGULANT FACTOR XA 
plays a pivotal role in the blood 
coagulation process through the for- 

mation of the prothrombinase complex (1 ). 
We showed earlier that not only is the 
activation of factor X a critical step in coagu- 
lation, but the activated factor is a potent 
inhibitor of thromboxane A2 synthesis in 
platelets (2) and prostacyclin (PG12) synthe- 
sis in endothelial cells (3). Durlng blood 
coagulation, factor Xa is produced by a 
limited proteolysis of factor X by two differ- 
ent but interrelated pathways known as the 
intrinsic and extrinsic pathways (4). Factor 
X is also reported to be activated by a ca2+-  

of 0.03 ercent H 2 0 2  was added. Reaction was at 
23°C anBwas sto ped at 15 minutes by two centnfu- 
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monophosphate (cyclic AMP) but do not 
seem to have any effect on the activation of 
blood coagulation factors (5, 6). Now, we 
report that the exposure of human blood 
platelets to amounts of these prostaglandins 
that are insufficient to increase cvclic AMP 
levels results in rapid stimulation of a pro- 
tease or proteases that activate factor X. 
Higher concentrations of these prostaglan- 
dins inhibit platelet-dependent activation of 
factor X as a result of the increase in cyclic 
AMP. These findings indicate the existence 
of a pathway by which prostaglandins in- 
duce the activation of factor X in platelets. 

Addition of 2 nM PG12 or PGEl to a 
dependentactivator present on the platelet mixture of gel-filtered platelets and purified 
surface (5). bovine factor X resulted in the generation of 

Prostacyclin, prostaglandin El (PGE1), factor Xa in the presence of purified bovine 
and PGD2 are known for their ability to factor Va, as indicated by hydrolysis of S- 
inhibit platelet aggregation by increasing 2222 (Fig. 1) or coagulation assay (7). 
the intracellular level of adenosine 3',5'- Human factor X was similarly activated. No 

activity was observed if prostaglandin, plate- 
lets, or factor X was omitted. There was no 
effect on the activity of factor Xa (0.4 un- 
itlml) when either 2 nM or 10 nM PG12 or 
PGEl was added to the assay mixture. Other 
investigators have shown that the catalytic 
activitv of factor Xa in the conversion of 
proth;ombin to thrombin is enhanced by 
the interaction of protease with the platelet 
surface factor Va, which acts as the receptor 
of factor Xa (8). We found that the addition 
of factor Va increased by approximately 
tenfold the arnidolytic activity of factor Xa, 
as compared with controls containing no 
factor Va. Factor Va itself has no effect 
either on the hydrolysis of S-2222 or on the 
activation of factor X. The addition of factor 
Xa inhibitors like soybean trypsin inhibitor 
(23 phf)  or phenylmethylsulfonyl fluoride 
(2 mM) to the reaction mixture inhibited 
the hydrolysis of S-2222 by 100 and 95 
percent, respectively, indicating the genera- 
tion of factor Xa in the assav mixture. 

In a separate experiment, diisopropyl 
phosphofluoridate derivative of factor X was 
prepared as described previously except that 
factor Xa was replaced by the zymogen (2). 
When factor X was replaced by the inhibi- 
tor-treated zymogen in the incubation mix- 
ture, no factor -xa activitv was seen, as 
compared with the controls. Since diisopro- 
pyl phosphofluoride is a covalent inhibitor 
of factor ~a ( I ) ,  the prostaglandin-mediated 
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activation of factor X by platelets cannot be 
due to autocatalytic reaction. 

The proteolytic activity of the prostaglan- 
din-treated platelets was directly demon- 
strated by a radiomepic assay in which 
[ 1 4 ~ ] a z ~ c a ~ e i n  (9) was used instead of factor 
X in the incpbation mixture in the absence 
of added factor Va. Platelets treated with 2 
nM of either PGEl or PG12 hydrolyzed 
approximately 4.43 + 0.26 pg of azocasein 
per minute per 10' cells in 1.0 mg of the 
substrate at 23°C. In the absence of the 

prostaglandins, no hydrolysis of [14~]azoca- 
sein by platelets could be demonstrated in 
the incubation mixture under identical con- 
ditions. 

The concentration of factor X used in the 
incubation mixture was approximately half 
the amount present in normal plasma. A 
twofold increase offactor X concentration in 
the assay mixture increased the hydrolysis of 
3-2222 by approximately 20 percent. 

Concentrations of PG12 greater than 2 
nM resulted in a decrease in the activation of 

Table 1 Effects of cychc AMP on PG12- and PGEl-stimulated acuvation of factor X by platelets The 
experiments were run as descr~bed m F I ~  1. When Bt2-cychc AMP was used, the platelets were 
incubated w ~ t h  the nucleoude for 20 m u t e s  at 23°C before the adhtion of the prostaglandms The 
effects of DDA on the prostaglandm s ~ u l a u o n  of factor X acuvauon by platelets were stuhed by 
mcubatmg the platelets w ~ t h  the inhibitor for 1.0 m u t e  at 23°C before the adhtion of the 
prostaglandins. The results are means t- SEM of three experunents. 

Addition to platelets Factor Xa [U + (lo8 Cychc AMP [pmol 
platelets)-' . min-'1 (10' platelets)-'] 

None 
PG12 (2.0 nM) 
PG12 (2.0 nM) + Btz-cychc AMP (1.0 mM) 
PG12 (2.0 nM) + forskolm (3 rn 
PGI2 (10 nM) 
PG12 (10 nn/P) + DDA (500 I*M) 
PG12 (1.0 
PG12 (1.0 p.M) + DDA (500 M 
PG12 (2.0 nM) + DDA (500 rn 
PGEl (2.0 nM) 
PGEl (2.0 ruM) + Btz-qchc AMP (1.0 mn/r) 
PGEl (2.0 nhl) + forskolin (3 w) 
PGE, (1.0 @W) 
PGEl (1.0 rn + DDA (500 cJM) 
DDA (500 p H )  
Forskolin (3 nM) 

F I ~  1 PGE1- and PG12-sumulated actlvauon of 1.6 - 
factor X by platelets Factor X was assayed by 
usmg chromogen~c substrate S-2222 (16) Blood - 
donors had not taken any mecbcatlon for at least 2 
weeks before blood dopat~on. Venous blood was 
collected m 13 mM sohum cltrate beta$ of the 1.2 - 
preparauon of gel-filtered platelets have been 
descr~bed except that the Tyrode's buffer did not 
contam any glucose (2) Bovme factor X was w 
prepared by the method of Bajaj and Mann (17) 2 
and had specfic acuv~ty of 100 to 150 units per a, 0.8 - 
&gram af protem S-2222 (N-benzoyl-L-ISO- u 
leucyl-L-glutamyl-glycyl-L-argue-p-n~troanhde 
hydrochlor~de and its methyl ester) was the prod- 5 
uct of Kab~ D~agnost~ca, Stockholm, Sweden 
Typ~cally, the formation of factor X was measured 2 .4 - 
by mcubqmg 0 21 u n ~ t  of factor X with gel- 
filtered platelets (4 6 x lo6) suspended m Tyr 
ode's bufer (w~thout glucose, pH 7 A ) ,  contam- 
mg 0 03 u n ~ t  of factor Va, 1 2 mM CaC12, 5 mM 
MgC12, and 0 4 mM S-2222 Incubauon was 
carr~ed out m the presence or absence of 2 nM 0 

PG12 or PGE, m a total volume of 0 4 mi m 0 4 8 
Time (minutes)  

polypropylene centrifuge tubes (Eppendorf) for 
varlous tunes at 23°C. M e r  mcubauon, the reac- 
uon mlxture was centrifuged at 80008 at 4°C. The supernatant was collected and the released p- 
nltroanhe from S-2222 was determed in a Gllford spectrophotometer at 405 nm The rate offactor 
Xa producuon was calculated by determmg the h e u c s  of p-nitroanhe formauon durmg the first 
m u t e  of the mcubauon Control experunents were run m an ldenucal reacuon m t u r e  except that 
they cbd not contam any prostaglandm The means t- SEM (n = 10) are mcbcated by verucal h e s  
PGIz (m); PGEl (@), control (0) 
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the zymogen with a narrow optimum (Fig. 
2). The decrease of activation of factor Xa 
occurred with a concomitant rise of cyclic 
AMP in platelets. For PGE1, which is less 
potent than PG12 in increasing the cyclic 
AMP level, the maximal activation of factor 
X occurred over a broader range of the 
autocoid (2 to 8 nn/i) when compared to 
PG12. As in the case of PG12, the activation 
of factor X began to decrease only when the 
cyclic AMP level began to increase at higher 
concentrations of the prostaglandin. 

The inhibitory effect of cyclic AMP was 
demonstrated directly by incubating the 
platelets with 1.0 mM dibutyryl cyclic AMP 
(Btp-cyclic AMP) before the addition of 2.0 
nM PG12 or PGEl. Addition of forskolin (3 
pI4) to the reaction mixture also completely 
inhibited the activation of factor X by low 
concentrations of PG12 or PGEl and in- 
creased the cyclic AMP level 15 times above 
the basal level (Table 1). However, unlike 
the prostaglandins, forskolin at a low con- 
centration (3 nM), which did not increase 
cyclic AMP level in platelets, had no effect 
on the activation of the protease. Since 
forskolin stimulates the formation of cyclic 
AMP through its interaction with the cata- 
lytic subunit of adenylate cyclase (lo), the 
failure of a low concentration of the diter- 
pene to stimulate the cysteine protease indi- 
cated the probable involvement of prosta- 
glandin receptors in the stirnulatory process. 
Experiments with dideoxyadenosine (DDA), 
a potent inhibitor of platelet adenylate cy- 
clase ( l l ) ,  provided additional evidence that 
cyclic AMP, and not high concentrations of 
prostaglandins as such, blocked factor X 
activation. Addition of DDA to the platelet 
suspension not only inhibited the formation 
of cyclic AMP in these cells, but allowed the 
activation of factor X even in the presence of 
1 CJM PG12 or PGEl, concentrations that 
previously completely suppressed the activa- 
tor (Table 1'). Dideoxvadenosine itself has 
no iffect on'the activation of factor X by 
platelets in the presence or absence of the 
hr~s ta~~andins .  - 

Treatment of platelets with aspirin (1.0 
mM) before the addition of either PG12 or 
PGE, ~roduced no effect on the activation 
of fac;or X, although the aspirin-treated 
platelets did not show secondary aggrega- 
tion with 0.5 nM thrombin or 4 llJM of 
adenosine diphosphate. These results indi- 
cate that platelet cyclooxygenase (12) is not 
involved in the activation of the platelet 
protease (or proteases) responsible for acti- 
vation of factor X. 

The activated protease that catalyzed the 
conversion of factor X to Xa was not released 
into the medium after centrifugation (80008 
for 10 minutes) but remained associated 
with the platelet pellet. 

SCIENCE, VOL. 231 



7 . T Flg. 2. Effect of PGI, or PGEl on the acuvauon of factor X by platelets and 
I 

E ';;; the mcrease of cychc AMP level. Activation of factor X by gel-filtered 
.d 

a, - platelets with varymg concentrauons of PG12 or DGE1, as mdicated, was 
a, determmed by usmg S-2222. The rate of factor Xa-formation was calculated +- 
2 from the kinetics of formauon of p-nitroandme. Parallel experiments were 
a run to determine the cychc nucleoude level. Cychc AMP contents of platelets 

mo were determined by an f i l t y  elution techn~que (18) by use of the protem - kmase b m h g  method (19) described prev~ously. As httle as 0.1 pmol of - cychc AMP could be measured by this method. Results shown here are 
means t SEM (n = 6). Factor Xa formauon is shown m the presence of 
PGI, (.) and PGEl (0); cyclic hMP level is shown m the presence of PGI2 
(.) and PGE, (O). 

P r o s t a g l a n d ~ n  (nM) 

Both Ca2+ (optimal concentration, 1.2 
mM) and M ~ ~ +  (optimal concentration, 5 
mM) are needed for the prostaglandin-stim- 
dated activation of the coagulation factor. 
The prostaglandin-stimulated protease ac- 
tivity in platelets was decreased by 25 per- 
cent in the presence of 1.5 mM M~" .  No 
activitv could be demonstrated in the ab- 
sence bf either of the metal ions, and the 
addition of 5 mM EDTA or EGTA totally 
Inhibited the activation of factor X in the 
complete assay system. The effects of these 
metal ions on the activation of factor X by 
platelets are apparently related to the process 
of activation of the zymogen in the presence 
of the autocoids, since they produced no 
effect on the activity of purified bovine 
factor Xa as determined by amidolytic assay. 

In an attempt to understand the nature of 
the protease in the activation of factor X, we 
added the inhibitors that did not Inhibit 
factor Xa (and thereby interfere with the 
assay) in the incubation mlxture. The gener- 
ation of factor Xa activity in the complete 
assay system containing 2 nM PG12 was 
completely inhibited by iodoacetamide and 
p-chloromercuribenzoic acid (Table 2). 
These compounds, which are cysteine prote- 
ase inhibitors, produced no effect on the 
activity of the purified bovine factor Xa, a 
serine protease (1). The inhibitors produced 
identical effects when PG12 was replaced by 

PGEl (2 nM) in the reaction mixture. The 
differential effects of the protease inhibitors 
not only indicate the generation of factor Xa 
in the assay mixture, but also suggest that 
the prostaglandin-stimulated protease of 
platelets activating the zymogen is probably 
a cysteine protease. 

To determine the specificity of PGEl and 
PG12, we substituted various prostaglandins 
for them in the assay mixture. Of all the 
compounds tested, only PGD2 showed a 
similar effect on the platelet-mediated activa- 
tion of the coagulation factor. At 2.0 nM 
PGD2, 0.48 i- 0.2 unit of factor Xa per lo8 
platelets per minute was formed in the incu- 
bation mixture. Prostaglandins Al, A2, El, 
B2, E2, Fla, Fza, 6-keto-prostaglandin F1,, 
or thromboxane B2 at 2.0 nM or at 10 nM 
produced no effect on the stimulation of 
platelet-dependent activation of factor X. 
Other investigators have shown that among 
these prostanoids only PG12, PGEI, and 
PGD2 inhibit platelet aggregation and in- 
crease cyclic AMP levels in these cells (13). 

Platelet-dependent activation of factor X 
is stimulated when prostaglandins that in- 
hibit platelet aggregation through increased 
cyclic AMP are present in the assay mixture 
in concentrations insufficient for the activa- 
tion of adenylate cyclase. The stimulation of 
prostaglandin-dependent platelet cysteine 
protease, which activates factor X, is coun- 

Table 2. Effects of protease inhibitors on the PG12-stimulated activation offactor X by platelets and on 
purified bovine factor Xa. Gel-filtered platelets (4.6 x lo6) suspended in Tyrode's buffer, pH 7.4, 
containing 2 nM PGI,, 0.21 unit of factor X, 0.03 unit of factor Xa, 1.2 mM CaCl,, 5.0 mM MgCl,, 
and 0.4 mM S-2222 in a total volume of 0.4 ml were incubated with the above inhibitors for 5 minutes 
at 23°C. After incubation, the platelets were separated by centrifugation and the release ofp-nitroaniline 
was determined as described ib Fig. 1. The results are means r SEM for four experiments. 

Inhibitor 
PG12-stimulated Bovine 

factor X factor Xa 
activation (%) activity (%) 

None 
Iodoacetamide (10 mM) 
p-Chloromercuribenzoic acid (10 mM) 
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terregulated through the increase of intracel- 
lular cvclic AMP. However. factor Xa itself 
might provide an additional regulatory con- 
trol on the activation. Since factor Xa inhib- 
its PG12 synthesis in endothelial cells (3), the 
protease itself might provide a negative 
feedback on the activation of the zymogen 
by platelets. 

We showed earlier that PGEl is capable of 
inhibiting platelet aggregation through its 
action on plasma factors (14). However, 
concentrations of the autocoid needed for its 
effects on the plasma factors are much high- 
er (micromolar ranges) than the amounts of 
the prostaglandin required for the activation 
of factor X through its action on platelets. 

It is believed that, as a result of tissue 
injury, the initiation of blood coagulation 
occurs through the activation of factor X by 
intrinsic and extrinsic pathways (4). Howev- 
er, tissue injury would also produce PGI2 in 
endothelial cells (15). The prostaglandin 
might then initiate blood coagulation 
through activation of factor X and augment 
the effects of intrinsic and extrinsic pathways 
on the caagulation process. 
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A Parathyroid Hormone-Like Protein from Cultured 
Human Keratinocytes 

Parathyroid hormone-like factors have been found in extracts of tumors associated 
with humoral hypercalcemia of malignancy, many of which are of squarnous epithelial 
origin. Cultured, nonmalignant human keratinocytes were examined for the produc- 
tion of similar factors. Keratinocyte-conditioned medium from ten cultures stimulated 
the production of cyclic adenosine monophosphate in clonally derived rat osteosar- 
coma cells sensitive to parathyroid hormone. Bovine [ ~ l e ~ s ' ~ ,  qr34]~TH-(3-34)NH2,  
a competitive inhibitor of parathyroid hormone, stopped the adenylate cyclase produc- 
tion stimulated by keratinocyte-conditioned medium, but antisera to parathyroid 
hormone had no effect on such adenylate cyclase activity. The active component of 
kefatinocyte-conditioned medium has a molecular weight exceeding that of native 
parathyroid hormone. These characteristics are shared by the parathyroid hormone 
receptor agonists associated with humoral hypercalcemia of malignancy, which sug- 
gests that normal human keratinocytes may produce a factor related to that produced 
by malignant tumors associated with humoral hypercalcemia of malignancy. 

H YPERCALCEMIA IS THE MOST 

common paraneoplastic syndrome 
and affects up to 40 percent of 

patients with certain types of cancer (1). 
Although some cases result from direct de- 
struction of bone by metastatic tumor, hy- 
percalcemia frequently arises in patients 
without skeletal involvement (1). There is 
substantial evidence that in sdch instances 
the elevated serum calcium results from the 
secretion by tumors of a circulating factor 
(or factors) that leads to bone resorption (1- 
3). In one series of 50 unselected patients 
with cancer and hypercalcemia, nearly 80 
percent suffered from this humoral hypercal- 
cemia of malignancy (HHM) (2). 

Certain factors derived from tumors asso- 
ciated with H H M  share functional proper- 
ties with parathyroid hormone ( M H ) .  For 
example, we reported that extracts of four of 
five tumors from patients with HHM stimu- 
lated the PTH-sensitive adenylate cyclase in 
canine renal cortical membranes, whereas 
extracts of tumors from patients without 

HHM did not (4). This activity was com- 
petitively inhibited by PTH receptor antag- 
onists but not by an antiserum directed 
against M H .  Similar findings have been 
reported by Strewler and co-workers (5 )  
who used an HHM-associated human renal 
carcinoma cell line. In addiuon, Rodan e t  a1 
(6) demonstrated that medum conditioned 
by cells derived from HHM-associated tu- 
mors stimulated formation of cyclic adeno- 
sine monophosphate (AMP) by MH-sensi- 
tive rat osteosarcoma (ROS) cells in a dose- 
dependent fashion (6). This activity was 
related to bone resorption in vitro. 

Tumors with squamous epithelial fea- 
tures, including those of the oropharynx, 
lung, esophagus, cervlx, vulva, and skin, 
account for the largest single subset of 
HHM-associated tumors (1, 2). We there- 
fore examined nonmalignant human kera- 
tinocytes to determine whether nonneo- 
plasuc squamous epithelial cells might pro- 
duce a factor (or factors) similar to the I T H  
receptor agonists derived from HHM-asso- 

ciated tumors. Our findings indicate that 
cultured human keratinocytes do produce an 
adenylate cyclase-stimulating protein that 
acts through the I T H  receptor but that is 
distinct from native I T H .  

Cultures of human keratinocytes were es- 
tablished from ten neonatal human foreskins 
(7 ) .  First passage keratinocytes were grown 
1 week past confluence either in dishes 
containing irradiated murine 3T3 fibro- 
blasts in complete medium [Dulbecco's 
modified Eagles medium (DMEM) contain- 
ing fetal bovine serum (20 percent; KC 
Biologicals), hydrocortisone (0.4 pglml), 
and antibiotics (7)] or in dishes coated with 
type I collagen (Collagen Corp.) in calcium- 
free DMEM containing fetal bovine serum 
(10 percent), hydrocortisone (0.4 pglrnl), 
and antibiotics (8). 

Keratinocyte-conditioned medium (KCM) 
harvested from confluent, first-passage cul- 
tures 48 hours after medium change was 
tested for parathyroid hormone-like bioacti- 
vity in the ROS assay with a modification of 
the method of Rodan and co-workers (6,9). 
This assay measures cyclic AMP production 
(as an index of adenylate cyclase activity) by 
clonal ROS 1712.8 cells in response to PTH 
receptor agonists. The assay has a detection 
limit of 5 x 10-"M PTH and shows a 
linear response over the range of 1 x lo-'' 
to 2.5 x ~ o - ~ M .  Normal PTH is believed 
to circulate at 10-l2 to 10-"M. The only 
other known agonists in this system are p- 
adrenergic agonists such as isoproterenol. 

Conditioned medium from each of the 
ten keratinocyte cultures stimulated adenyl- 
ate cyclase activity in the ROS assay (Table 
1). Four cultures of irradiated 3T3 cells, 
three cultures of neonatal foreskin dermal 
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