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Abstract. The peptide hormone, calcitonin, 
plasminogen 

induces urokinase-type 
activator (uPA) enzyme activity in cultured LLC-PK pig 

kidney cells. This induction occurs as a consequence of transcrip ca ion- 
al activation of the uPA gene. Treatment with the synthetic glucocor- 
ticoid hormone, dexamethasone, was found to inhibit calcitonin induc- 
tion of uPA enzyme activity by as much as 80%. The inhibitory effect 
of dexamethasone was attributed to at least two mechanisms: induction 
of an inhibitor of uPA enzyme activity, and reduction in uPA mRNA 
levels. Study on reduction of uPA mRNA levels showed that dexametha- 
sone significantly reduced the transcription rate of the calcitonin- 
-induced uPA gene, without affecting the half-life of uPA mRNA. 
Although dexamethasone has been reported to induce inhibitors of plas- 
minogen activator enzyme activity and to inhibit transcription of 
various genes, the system described here appears novel in that both 
actions are coordinated. 0 1987 Academic Press, Inc. 

Plasminogen activators are believed to play important roles in many 

aspects of cellular regulation, such as fibrinolysis (l), tissue re- 

modelling (2), inflammation (3), tumor metastasis (4), and angiogene- 

sis (5). Therefore, understanding how plasminogen activator genes and 

proteins are regulated will increase the knowledge of the physiologi- 

cal significance of plasminogen activators (see ref in 6 and 7). 

An established line of pig kidney cells, LLC-PKl, responds to the 

peptide hormone, calcitonin, by producing and secreting urokinase-type 

plasminogen activator (uPA). Calcitonin induction of uPA enzyme activ- 

ity, which is mediated by CAMP (8,9), is due mainly to the transcrip- 

tional activation of the uPA gene (10,ll). The UPA gene is a direct, 

primary target of calcitonin induction, because induction of uPA mRNA 

is not diminished in the absence of protein synthesis (10,12). 
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Treatment with the anti-inflammatory synthetic glucocorticoid hor- 

mone, dexamethasone, inhibits plasminogen activator enzyme activity in 

several cells(13-19). In some cells, dexamethasone treatment increases 

plasminogen activator activity (20,211. Dexamethasone was recently 

reported to suppress uPA mRNA levels in human fibrosarcoma cells and 

in synovial fibroblasts (19). 

Here we describe the coordinate actions in which dexamethasone in- 

hibits calcitonin-induced uPA gene expression and uPA enzyme activity. 

Materials and Methods 

Materials 
Synthetic salmon calcitonin was a gift of Dr. S. Guttman (Sandoz AG, 
Basel, Switzerland). Actinomycin D and cycloheximide were obtained 
from Sigma, and dexamethasone was from Fluka. Human plasminogen was 
prepared according to Deutsch and Mertz (22). Human urokinase was 
obtained from Leo Pharmaceutical Products (Bellerup, Denmark). BA 85 

p ocellulose 
P]dCTP and m~~~~an~er~i'~~~~in~~ref rgomNe~ch&y;;; ;,n$i;;yeg;l 

[ Hluridine was from Amersham. 
Cell culture 
LLC-PKl 
ments abzz:1;xlA*3) 

were cultured as described (10). In most experi- 
cells were plated on 35 mm dishes. Two days later, 

the cells were washed with phosphate-buffered saline containing cal- 
cium and magnesium [PBS(+)], and supplied with serum-free medium and 
with additional reagents as described in figure legends. 
Determination of uPA enzyme activity 
uPA enzyme activity in samples of conditioned medium or of cell lys- 
ates was rneasu,,$ as the plasminogen-dependent rate of fibrinolysis 
with the use of I-fibrin coated multiwell plates (24). Samples were 
diluted loo-fold with O.lM TrisaHCl, pH 8.1, and 10 ,~l of diluted sam- 
ples were added to 250 ~1 of the same buffer containing 0 pg/ml human 
plasminogen. 
amounts of ~~~u;~~~~ep~ res were incubated at 37°C for 1 h and the 

ting. 
I-fibrin peptides were measured by y-coun- 

Results were expressed in Ploug units, as determined by refer- 
ence to a standard preparation of urokinase. 
uPA cDNA probe and genomic DNA 
Plasmid pYN15, a cDNA probe used to detect uPA mRNA in Northern hybri- 
dizations was described (25). Plasmid pYNg1, 
used 

porcine uPA genomic DNA 
for nuclear transcription experiment, consists of 5 kb of the 5' 

flanking region, 
flanking 

6 kb of the transcribed region, and 500 bp of the 3' 
region, which were cut out from the uPA genomic clone XYN4 

(25) and inserted into ECO RI and NarI (nearest to TthlllI site) sites 
of pBR322. 
RNA-preparation and Northern blot hybridization 
RNA was prepared from LLC-PK. cells cultured in 35 mm dishes (1-2x10 6 

cells pe; dish) as described'(lO), and dissolved and stored in water. 
Northern blot hybridizations were performed as described (10). 
Nuclear transcription 
Preparation of nuclei, transcription, 
done 

and filter hybridiz3tion were 
according to McKnight and Palmiter (26), 

used as a radioactive precursor instead 
genomic uPA DNA, pYNg1, was immobilized to nitrocellulosi filters to 
hybridize the specific uPA transcripts instead of UPA cDNA. 
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Results and Discussion 

Dexamethasone Inhibition of Calcitonin-induced uPA Enzyme Activity 

The effect of dexamethasone on calcitonin-induced uPA enzyme activity 

is shown in Fig. 1. Various doses of dexamethasone were added to the 

culture medium of LLC-PKl cells at the same time as 10 rig/ml calcito- 

nin. The medium was collected 24 h later and the uPA enzyme activity 

measured. The inhibitory effects of dexamethasone on calcitonin- 

induced uPA enzyme activity were observed at concentrations as low as 

lo-' M, and the greatest inhibition, about 80%, was noted at 10 -l to 

1O-6 H. To explain these results, we considered two possibilities: 

1) dexamethasone induced the activity of a UPA inhibitor, and 2) dexa- 

methasone caused a decrease in uPA production. 

Dexamethasone Activation or Induction of an Inhibitor of uPA Enzyme 

Activity 

We sought to demonstrate more directly that dexamethasone treatment 

induced the activity of an inhibitor of uPA. Conditioned medium was 

, 

‘/I1 
I 1 I I I 

10 9 8 7 6 
De.amelhasone (-Log t.4) 

Figure 1. Inhibitory effect of dexamethasone on calcitonin-induced uPA 
enzyme activity. Cells were washed once with PBS(+), and then provided 
with 2 ml of serum-free medium containing 10 rig/ml calcitonin and var- 
ious concentrations of dexamethasone. Twenty-four hours later, the 
incubation medium was removed and assayed for uPA enzyme activity. 
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Figure 2. Inhibitory 
treated 

effect of medium congitioned by dexamethasone- 
cells on uPA enzyme activity. 2x10 cells were plated on 100 

mm dishes and provided with serum-containing medium. Two days later, 
cells were washed with PBS(?j, and then provided with serum-free medi- 
um without (0) or with 10 M dexamethasone (O,A, A). 24 h later, 
portions of the dexamethasone-conditioned medium were untreated (0); 
dialyzed overnight against PBS (without calcium and magnesium) (A 1; 
or heat treated (95OC, 5 min) (A). Various volumes of these media 
were added to 50 ~1 aliquots of medium collected from cells in which 
uPA had been induced by treatment with 10 rig/ml calcitonin of 24 h. 
PBS(+) was added as necessary to make a final volume of 300 ~1. The 
mixtures were incubated at 37OC for 30 min. and then uPA enzyme activ- 
ity was assayed. The 100% value was 22.5 Ploug units/ml. 

obtained from cells cultured with or without dexamethasone for 24 h. 

Then the ability of dexamethasone-conditioned medium to inhibit uPA 

activity in medium taken from calcitonin-induced cells was tested. 

The results of this mixing experiment showed that dexamethasone condi- 

tioned medium inhibited UPA enzyme activity in medium from calcitonin- 

induced cells (Fig. 2). As increasing volumes (50-250 pl)of dexa- 

methashhone-conditioned medium were added to fixed volumes (50 ,ul) of 

calcitonin-conditioned medium, the extent of the inhibition of uPA 

enzyme activity increased. This suggested a stoichiometric effect. 

The inhibitory activity of the dexamethasone-conditioned medium was 

unaffected by overnight dialysis against PBS(-), but was abolished by 

heating at 95OC for 5 min. This suggested that the inhibitory activ- 

ity in the dexamethasone conditioned medium has characteristics of a 

protein. Direct addition of 10 -6 M dexamethasone to the assay had no 

effect. 
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Figure 3. Time course of dexamethasone inhibition of the accumulation 
of calcitonin-induced uPA mRNA. Cells were washed once with PBS(+), 
and then provided with 
rig/ml calcitonin, 

2 ml of serum-free mediurn,containing (a) 10 
or (b) 10 rig/ml calcitonin and 10 M dexamethasone. 

At the times (h) indicated, RNA was prepared and 10 pg subjected to 
Northern blot hybridization analysis. 

Two inhibitors specific for plasminogen activator have been iso- 

lated and characterized, from placenta (27) and from endothelial cells 

(28,29). We do not know whether the dexamethasone-induced inhibitor of 

uPA enzyme activity in LLC-PK1 cells is related to either of the two 

inhibitors. 

Dexamethasone Inhibition of uPA mRNA Accumulation 

The degree of inhibition noted in the mixing experiment (Fig. 2) was 

not high enough to explain 80% inhibition noted in Fig. 1. When as 

many as five volumes of dexamethasone-conditioned medium were added to 

one volume of calcitonin-conditioned medium, as much as 30% uPA enzyme 

activity remained in the calcitonin-conditioned medium (Fig. 2). 

Accordingly, we considered the possibility that dexamethasone also 

acted through another mechanism of inhibition, namely the inhibition 

of de novo synthesis of UPA. -- 

The time course of the effect of dexamethasone on calcitonin- 

induced uPA mRNA accumulation is shown in Fig. 3. The results with 

cells treated only with calcitonin, showing a peak at 4 h, were simi- 

lar to those reported previously (10). When cells were treated with 

both calcitonin and dexamethasone, uPA mRNA levels were always less 

than without dexamethasone treatment. We considered two possibilities 
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Figure 
induced 

4. Decreased uPA gene transcription in nyclei from calcitonin- 
cells treated with dexamethasone. 1x10 cells were plated on 

150 mm dishes and provided with serum-containing medium.‘Two days 
later, cells were washed with PBS(+), and then provided with ser m- 
free medium with 1 rig/ml calcitonin without (0) or with (0) 10 -B 

M 
dexamethasone. At the times indicated, nuclear fractions were pre- 
pgred, transcription was continued 
[=HlUTP, and the extent of 

for 90 min in the presence of 

filter hybridization. 
uPA gene transcription was measured by 

The experiment was done twice, with similar 
results. 

for these results: dexamethasone caused a decrease in transcription of 

the uPA gene, or caused a decrease in the stability of uPA mRNA. 

The results of nuclear transcription experiments (Fig. 4) showed 

that dexamethasone inhibited uPA gene transcription induced by calci- 

tonin. Cells were treated with calcitonin in the presence or absence 

of dexamethasone. Various times later, nuclei were isolated and uPA 

gene transcription initiated in intact cells were continued in the 

isolated nuclei. uPA gene transcription in nuclei from dexamethasone- 

treated cells was less than that in untreated cells, and declined more 

quickly. 

In contrast, dexamethasone appeared to have no effect on the sta- 

bility of uPA mRNA. The half-life of uPA mRNA was about I.5 h, regard- 

less of the presence or absence of dexamethasone (data not shown). 

The stimulatory effects of glucocorticoid hormones on gene tran- 

scription have been well documented (see ref in 30). More recently, 
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inhibitory effects have been noted. These include inhibition of tran- 

scription of the E-globin gene (31), the a-fetoprotein gene(32, 33), 

the proopiomelanocortin gene (34-36), and the bovine prolactin pro- 

moter transfected into rat pituitary tumor cells (37). It will be of 

interest to determine which regions of the porcine uPA gene (25) are 

responsible for the inhibitory actions of dexamethasone on calcitonin- 

induced uPA gene transcription. 

Acknowledgements 

We thank Drs. D. Monard and Ch. Moroni for critical reading of the 

manuscript. 

References 

1. Wiman, B., and Collen, D. (1978) Nature (London) 272, 549-550 
2. Strickland, S., Reich, E., and Sherman, M-1. (1976) Cell 9, 

231-240 
3. Granelli-Piperno, A., Vassalli, J.-D., and Reich; E. (1977) J. 

Exp. Med. 146, 1693-1706 
4. Ossowski, L., and Reich, E. (1983) Cell 35, 611-619 
5. Gross, J.L., Moscatelli, D., and Rifkin, D.B. (1983) Proc. Natl. 

Acad. Sci. USA 80, 2623-2627 
6. Dan0, K., Andreasen, P.A., Grendahl-Hansen, J., Kristensen, P., 

Nielsen, L.S., and Skriver, L. (1985) Adv. Cancer Res. 44, 139-266 
7. Reboud-Ravaux, M. (1985) Biochimie 67, 1197-1216 
8. Goldring, S.R., Dayerj J.-M., Ausiello, D.A., Krane, S.M. (1978) 

Biochem. Biophys. Res. Commun. 83, 434-440 
9. Dayer, J.-M., Vassalli, J.-D., Bobbitt, J.L., Hull, R.N., Reich, 

E. and Krane, S.M. (1981) J. Cell Biol. 91, 195-200. 
10. Nagamine, Y., Sudol, M., and Reich, E. (1983) Cell 32, 1181-1190 
11. Degen, J.L., Estensen, R.D., Nagamine, Y., and Reich, E. (1985) 

J. Biol. Chem. 260, 12426-12433 
A . I and Nagamine, Y. (1987 

1978) Proc. Natl. Acad. Sci 

12. Altus, M.S., Pearson, D., Horiuchi, 
Biochem. J. in press 

13. Seifert, S.C., and Gelehrter, T.D. ( 
USA 75, 6130-6133 

14. Vassalli, J.-D., Hamilton, J., and 
695-705 

15. Rifkin, D. (1978) J. Cell Physiol. 97, 

Reich, E. (1977) Cell 11 

421-420 

) 

16. Saksela, O., Hovi, T., and Vaheri, A. (1985) 3. Cell Physiol. 122, 
125-132 

17. Littlefield, B.A., Johnston, L.J., Manzer, D.S., and Roche, P.C. 
(1985) Endocrinology 117, 1100-1109 

18. Jenkins, N., and Ellison, J.D. (1986) J. Endocrin. 108, Rl-R3 
19. Medcalf, R.L., Richards, R.I., Crawford, R.J., and Hamilton, J.A. 

(1986) EMBO J. 5, 2217-2222 
20. Wilson, E.L., Jacobs, P., and Dowdle, E.B. (1983) Blood 61, 

561-567 
21. Busso, N., Belin, D., Failly-Crgpin, C., and Vassalli, J.-D. 

(1986) J. Biol. Chem. 261, 9309-9315 

335 



Vol. 143, No. 1, 1987 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

22. 
23. 

24. 

25. 

26. 

28. 

28. 

29. 

30. 
31. 

32. 

33. 

34. 

35. 

36. 
37. 

Deutsch, D.G., and Mertz, E.T. (1970) Science 170, 1095-1096 
Hull, R.N., Cherry, W.R., and Weaver, G.W. (1976) In Vitro 12, 
670-677 
Strickland, S., and Beers, W.H. (1976) J. Biol. Chem. 251, 
5694-5702 
Nagamine, Y., Pearson, D., Altus, M.S., and Reich, E. (1984) Nucl. 
Acids Res. 12, 9525-9541 
McNight, G.S, and Palmiter, R. (1979) J. Biol. Chem. 254, 
9050-9058 
Kawano, T., Morimoto, K., and Uemura, Y. (1968) Nature (London) 
217, 253-254 
loskutoff, D., van Mourik, J.A., Erickson, L. A., and Lawrence, D. 
(1983) Proc. Natl. Acad. Sci. USA 80, 2956-2960 
Philips, M., Juul, A.-G., and Thorsen, S. (1984) Biochem. Biophys. 
Acta 802, 99-110 
Ringold, G.M. (1985) Annul. Rev. Pharmacol. Toxicol. 25, 529-566 
Mierendorf, Jr., R.C., and Mueller, G.C. (1982) J. Biol. Chem. 
257, 4496-4500 
Guertin, M., Baril, P., Bartkowiak, J., Anderson, A., and 
Bglanger, L. (1983) Biochemistry 22, 4296-4302 
Huang, D.P., Cote, G.J., Massari, R.J., and Chiu, J.F. (1985) 
Nucl. Acids Res. 13, 3873-3890 
Birnberg, N,C., Lissitzky, J.-C., Hinman, M., and Herbert, E. 
(1983) Proc. Natl. Acad. Sic. USA 80, 6982-6986 
Eberwine, J.H., and Roberts, J.L. (1984) J. Biol. Chem. 259, 
2166-2170 
Israel, A., and Cohen, S.N. (1985) Mol. Cell. Biol. 5, 2443-2453 
Camper, S.A., Yao, Y.A.S., and Rottman, F.M. (1985) J. Biol. Chem. 
260, 12246-12251 

336 


