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Half-Life of Synovial Cell Collagenase mRNA Is Modulated by Phorbol Myristate 
Acetate but Not by all-trans-Retinoic Acid or Dexamethasonet 
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ABSTRACT: As part of our studies on the mechanisms controlling the synthesis of the neutral proteinase 
collagenase by rabbit synovial cells, we used a cDNA clone to measure total collagenase mRNA levels and 
to determine mRNA half-life. Phorbol myristate acetate was used to induce collagenase synthesis while 
all-trans-retinoic acid and dexamethasone were used to inhibit it. Cells stimulated with phorbol myristate 
acetate contained substantial amounts of collagenase mRNA, but cells treated with all-trans-retinoic acid 
or dexamethasone contained decreased amounts of collagenase mRNA which correlated well with levels 
of collagenase protein. Studies on mRNA half-life showed that the tilt for total poly(A+) R N A  was about 
25 h, while that of collagenase varied from as short as 12 h to as long as 36 h. The half-life was not affected 
by treatment with all-trans-retinoic acid or dexamethasone but was affected by the level of induction of 
collagenase mRNA: the greater the amount of collagenase mRNA induced, the longer the t,lz. We conclude 
that (1) our data are consistent with the hypothesis that retinoic acid and dexamethasone act at the level 
of transcription to decrease collagenase production and (2) the increased level of collagenase mRNA resulting 
from stimulation with phorbol esters is, in part, due to increased stability of the induced collagenase mRNA. 

xe metalloproteinase collagenase (EC 3.4.24.7) is the only 
enzyme capable of initiating breakdown of the interstitial 
collagens, types I, 11, and 111, at a neutral pH [for reviews, 
see Harris et al., (1984) and Harris (1985)l. Nowhere is the 
result of the action of collagenase more apparent than in the 
connective tissue disease rheumatoid arthritis, where pro- 
duction of collagenase by the synovial cells that line the joint 
culminates in extensive joint destruction and crippling (Harris, 
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1985). Previous work from this and other laboratories has, 
therefore, been concerned with mechanisms regulating the 
induction and inhibition of collagenase synthesis in synovial 
cells. Using a model system of monolayer cultures of rabbit 
synovial fibroblasts, we have shown that collagenase synthesis 
can be stimulated with a variety of agents, such as poly- 
(ethylene glycol) which causes giant cell formation, phorbol 
myristate acetate (PMA), crystals of monosodium urate mo- 
nohydrate, or the monocyte/macrophage product interleukin 
1 (Brinckerhoff & Harris, 1978; Brinckerhoff et al., 1979; 
McMillan et al., 1981; Mizell et al., 1981; Dayer et al., 1986). 

Addition of a collagenase inducer results in an increase in 
the level of collagenase mRNA within the cell by 5 h, mea- 
sured by cell-free translation and Northern blot hybridization 
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with a 650 base pair (bp) cDNA clone for rabbit synovial cell 
collagenase (Brinckerhoff et al., 1982; Gross et al., 1984). This 
is accompanied by an increase in collagenase protein, de- 
tectable in culture medium by 10 h. Thus, as collagenase 
synthesis is stimulated, the enzyme is rapidly secreted from 
the cell (Valle & Bauer, 1979; Nagase et al., 1983). In ad- 
dition, collagenase production can be antagonized. Treatment 
of cell cultures with glucocorticoids, such as dexamethasone, 
or the vitamin A analogue all-trans-retinoic acid and the 
synthetic retinoids (Brinckerhoff et al., 1980, 1981; Brinck- 
erhoff & Harris, 198 1) decreases collagenase synthesis. 
However, the mechanism of suppression is unclear, although 
regulation at a transcriptional level is suspected (Brinckerhoff 
& Harris, 1981; Brinckerhoff et al., 1981). 

As part of our studies on mechanisms controlling both the 
induction and inhibition of collagenase synthesis in synovial 
cells, here we have measured the effect of an inducer of col- 
lagenase, PMA, and inhibitors of collagenase, dexamethasone 
and retinoic acid, on the half-life of collagenase mRNA. Using 
a collagenase cDNA as a probe, we show that dexamethasone 
and retinoic acid decrease the amount of collagenase mRNA 
and protein synthesized by the cells but do not affect the t l 12  
for collagenase. In contrast, PMA does influence the half-life: 
induction of greater amounts of collagenase mRNA is asso- 
ciated with a longer t l I 2 .  

MATERIALS AND METHODS 
Cell Culture. Monolayer cultures of rabbit synovial fi- 

broblasts were established from synovium taken from the knee 
joints of 4-6-week-old New Zealand white rabbits (Snelling 
Rabbitry, Springfield, VT) as previously described (Dayer et 
al., 1976). Synovium was dissociated into a single-cell sus- 
pension by treatment with bacterial collagenase (4 mg/mL; 
Worthington, Freehold, NJ). Cells were plated in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco, Grand Island, NY) 
in 20% fetal calf serium (FCS; Gibco) in 60-mm diameter 
culture dishes. Cells became confluent after 5-7 days and were 
passaged into 100-mm diameter culture dishes in 10% FCS. 
For experiments, cells at passage three or four were split 1:3 
into 150-mm diameter culture dishes, grown to confluence, 
and then washed 3 times with Hank’s balanced salt solution 
(HBSS; Gibco) and placed in serum-free medium containing 
0.2% lactalbumin hydrolysate and PMA ( 

Pulse-Labeling and Chase. At the start of the pulse, PMA 
(Consolidated Midland, Brewster, NY) was added to confluent 
cultures in serum-free medium at a final concentration of 
M. Four hours into the pulse, when collagenase mRNA levels 
began to increase (Gross et al., 1984), [3H]uridine (40 
pCi/mL; 25 pM; Amersham, Chicago, IL) was added to 
cultures for an additional 18 h. To be certain that the cells 
were induced, an aliquot of culture medium was then tested 
for collagenase activity by activating latent collagenase with 
aminophenylmercuric acetate (Vater et al., 1983) and by 
visualizing the disappearance of a collagen fibril (Harris et 
al., 1969). Concomitantly, the chase was begun by washing 
the cells quickly 3 times in Hank‘s balanced salt solution and 
transferring the cells to medium without radioactivity, but with 
5 mM uridine and 2.5 mM cytidine; the chase consisted of two 
parts, a “prechase” to deplete the [3H]UTP pool (see Results) 
and a “chase” during which the t l l z  of mRNA was measured. 
Depending upon the experiment, PMA was either continued 
or discontinued during the chase, and all-trans-retinoic acid 
(10” M) or dexamethasone M) was added. At selected 
intervals, cultures were terminated, and RNA was extracted. 

Harvesting of RNA and Isolation of Poly(A+) RNA.  
Culture medium was removed, and the cells were scraped from 

M). 
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dishes with a rubber policeman and pelleted. Pellets were 
resuspended in 2 volumes of 6 M guanidine hydrochloride 
(Gdn-HC1) and centrifuged through a 1.5-mL cushion of 5.7 
M CsCl (Chirgwin et al., 1979). The RNA was phenol ex- 
tracted and quantitated by the A260/A280 optical density and 
by dot quantitation (Sharp, 1984). The specific activity (dpm 
per microgram of RNA) was determined. Poly(A+) RNA 
was obtained by passage over an oligo(dT)-cellulose column 
(Aviv & Leder, 1972; Brinckerhoff et al., 1982; Gross et al., 
1984). 

Measurement of [3H] UTP by Fast-Performance Liquid 
Chromatography. At selected intervals during the chase pe- 
riod, medium from cells in 35-mm 6-well cluster dishes (ap- 
proximately 2 X lo5 cells/well) was removed, and the cells 
were rinsed 3 times with calcium/magnesium-free phos- 
phate-buffered saline after which 2 mL of ice-cold 0.5 M 
perchloric acid (PCA) was added to the culture dish and 
collected (Garrett & Santi, 1979). This was repeated 1 time. 
Samples were kept at 4 OC and centrifuged to pellet particulate 
matter. The acid-soluble supernatant was neutralized with 
5 M KOH, left on ice for 30 min, centrifuged, and filtered 
through a 0.22-pM Millex-GS filter unit (Millipore) in 
preparation for separation by fast-performance liquid chro- 
matography (FPLC). To determine radioactivity in the 
acid-soluble pwl, aliquot portions of the filtered material were 
counted in a Beckman liquid scintillation counter. 

For FPLC, 0.5-mL samples of the PCA-soluble fraction 
derived from cells were applied to a polyanion S1 HR 5 /5  
anion-exchange column (Pharmacia, Piscataway, NJ) in 10 
mM phosphate buffer, pH 7.0. Nucleotides were eluted with 
a 10-850 mM KHzPO4/K2HPO4-3H20, pH 7.0, gradient. 
The column eluate was monitored at 254 nm, and the positions 
of UMP, UDP, and UTP in the samples were determined by 
comparison to the retention time of standards (0.5 mL of 0.5 
pM each). 

Quantitation of RNA by Dot Blot Hybridizations and 
Determination of the t l l z  for  Collagenase. All samples of 
RNA were assayed in triplicate. To measure the decay of 
[3H]uridine collagenase mRNA, [3H]mRNA was hybridized 
to 4 pg of collagenase cDNA that had been denatured by 
boiling in 2 M NaCl and 0.2 M N H 4 0 H  and then quick- 
cooled. The cDNA was spotted onto nitrocellulose prewet with 
20 X SSC and baked for 2 h at 80 OC. We have determined 
that 4 pg of plasmid DNA contains at least a 10-fold excess 
of collagenase sequences relative to the added mRNA. As a 
control, filters spotted with pBR322 and blank filters were 
used. Filters were prewashed for 30 min with 0.3 M NaC1, 
2 mM ethylenediaminetetraacetic acid (EDTA), 10 mM tris- 
(hydroxymethy1)aminomethane (Tris), pH 7.4, and 0.1% so- 
dium dodecyl sulfate (SDS) and prehybridized for 4 h at 42 
OC in 50% formamide, 0.1 M piperazine-N,N’-bis(2-ethane- 
sulfonic acid) (PIPES) (pH 6.4) 4 X SSPE, 100 pg/mL 
poly(A+) RNA, 100 pg/mL yeast tRNA, and 5 X Den- 
hardt’s. The mRNA samples (2 pg) were then hybridized in 
this same solution but with 1 X Denhardt’s for 48 h at 42 “C. 
The filters were washed 3 times for 1 h each in 0.3 M NaC1, 
2 mM EDTA, 10 mM Tris, pH 7.5, and 0.1% SDS. Radio- 
activity was then eluted with 0.04 M NaOH, neutralized with 
acetic acid, and quantitated by counting in PCS I1 scintillation 
fluid in a Beckman liquid scintillation counter. 

The half-life for collagenase was determined from the data 
points from each experiment. The best fitting exponential 
curve was obtained by using the method of least squares on 
log-transformed data (Kleinbaum & Kupper, 1978). The 
coefficient of determination and the slope of the regression 
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Table I: Time Course of Labeling of RNA with [3H]Uridine' 
dpm of hybridizablc 

collagenase mRNA/lrg of 
total hours of PMA hours pulse-labeled dpm/rrg of RNA dpm/re of poly(A+) PoIY(A+) 

12 4 8.1 X 10' 4.1 x 103 ( 2 : ~  75 (l.8)%< 

24 16 3.4 x IO' 0.8 x 10' (41 )  1555 (2.0%) 
20 I 2  1.8 x 10s 1.0 x IO' (21 )  1252 (1.2%) 

a PMA (IO4 M) was added to confluent monolayers of rabbit synovial fibroblasts. Eight hours later, ["]uridine (40 pCi/mL: 25 PM) was added. 
After 4, 12. or 16 h of exposure to ["]uridine, selected cultures were terminated, and the dpm per microgram of total RNA, the dpm per microgram 
of poly(A+) RNA, and the dpm of hybridizable collagenase RNA per microgram of poly(A+) were determined. bRatio of specific activities of total 
RNA to poly(A+) RNA. cPercentage of poly(A+) RNA. 

line were calculated by using standard methods (Rosner, 
1982). The half-life was determined from the slope of the 
regression line (Franklin & Newman, 1973). 

To measure total collagenase mRNA, slot blot hybridiza- 
tions were performed. Samples of poly(A+) RNA at 0.33, 
0.67, and 1 pg or a t  2 pg from each experimental time point 
were denatured at 65 "C in 6.15 M formaldehyde and 10 X 
SSC and were spotted onto nitrocellulose (Schleicher & 
Schuell, Keene, NH)  that had been prewet with 10 X SCC 
and baked at 80 'C for 2 h in a vacuum oven. The blots were 
prewet and prehybridized for 6 h a t  42 OC. Prehybridization 
conditions were 50% formamide, 5 X Denhardt's solution, 5 
X SSPE, 0.1% SDS, and 200 pg/mL denatured salmon sperm 
DNA. Following prehybridization, probe cDNA was added 
in excess, and hybridization was allowed to proceed for 36 h 
at 42 OC. Filters were then washed 3 times for 10 min in 20 
X SSC and 0.1% SDS at  room temperature and 1 time for 
30 min in 1 X SSC and 0.1% SDS at 65 "C. The blots were 
then autoradiographed. Quantitation was achieved by liquid 
scintillation counting of the filters. 

Preparation of Plasmid DNA and Radiolabeling with '% 
Plasmid DNA containing a cDNA insert for collagenase was 
prepared by standard methods (Maniatis et al., 1982). The 
insert was excised from its vector (pBR322) by digestion with 
PstI (Gross et al., 1984). isolated by electrophoresis through 
a I% agarose gel, and radiolabeled with 32P either by the 
oligdabeling method of Feinberg and Vogelstein (1983, 1984) 
or by nick translation (Maniatis et al., 1982). 

Fibril Assay for  Collagenase. To quantitate collagenase 
activity in culture medium, latent collagenase was activated 
with trypsin (Werb et al., 1977; Brinckerhoff & Harris, 1978) 
and then assayed with fibrils of reconstituted collagen labeled 
with "C (Gisslow & McBride, 1975) in a standard fibril assay 
(Harris et al., 1969). One unit of collagenase degraded 1 pg 
of collagen per hour per milliliter of culture medium at 37 "C. 

RESULTS 
Effect of all-trans-Retinoic Acid and Dexamethasone on 

mRNA Levels for Collagenase. We first determined the effect 
of all-trans-retinoic acid and dexamethasone on the levels of 
hybridizable collagenase mRNA in rabbit synovial fibroblasts. 
For these experiments, populations of cells were induced with 
PMA, and at time zero, the inducer was removed, and cultures 
were treated with either retinoic acid (lo4 M) or dexa- 
methasone (IO" M). At intervals, the amount of mRNA in 
the cell was measured by hybridization to a cDNA clone for 
collagenase, and collagenase activity in the culture medium 
was determined. Figure 1 shows that a 60-h treatment with 
either retinoic acid or dexamethasone greatly reduced the 
amount of mRNA hybridizing to the cDNA clone for col- 
lagenase and that this decrease was paralleled by a decrease 
in collagenolytic protein in the culture medium. The data 
obtained by treatment with the retinoid or the steroid are 
nearly identical and suggest that, similar to steroids (Baxter 

Robbii Synoviol Fibroblorlr 

x 

hrr 01 treatment 

FIGURE 1: Effect of all-irons-retinoic acid and dexamethasone on 
levels of collagenase mRNA and protein. Confluent cultures of rabbit 
synovial fibroblasts in serum-free medium were stimulated to produce 
collagenase by 48 h of treatment with PMA (IO-' M). PMA was 
removed from all cultures, and medium was replad, selected cultures 
received all-trans-retinoic acid (IO4 M) or dexamethasone (IG-' M). 
At intervals, cultures were terminated by harvesting medium and 
RNA, and medium and drugs were replaced on remaining cultures. 
Collagenase mRNA was measured by dot blot analysis with 1 and 
2 pg of RNA spotted onto nitrocellulose filters. The filters were 
hybridized with a cDNA clone for collagenase radiolabeled by nick 
translation with I2P. The amount of hybridization was quantified by 
excising the dots and counting them in PCS liquid scintillation fluid. 
Collagenase activity in the medium taken from these same cultures 
was determined in a standard fibril assay with radiolabeled collagen. 

& Funder, 1979). retinoids may be acting transcriptionally 
to decrease collagenase synthesis. However, the possibility of 
glucocorticoid and retinoid effects on mRNA half-life must 
also be considered (Guyette et al., 1979; Chomczynski et al., 
1986). 

Time Course of Labeling of RNA with ["]Uridine for 
PulseChase Experiments. To measure the efficacy of the 
pulse, we monitored the incorporation of [3H]uridine into 
whole cell RNA, into poIy(A+), and into mRNA specific for 
collagenase. Cells were treated with PMA for 8 h, a time 
sufficient to induce transcription of collagenase mRNA (Gross 
et al., 1984). and then the cells were pulsed with the [3H]- 
uridine for varying periods of time. Table I shows that after 
4 h of labeling, the specific activity of the poly(A+) RNA, 
measured as dpm per microgram, is half that of total RNA, 
confirming dogma that mRNA labels preferentially over ri- 
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Table 11: Decay of [3H]Uridine in the Acid-Soluble Pool of Rabbit 
Synovial Fibroblasts' 
hours of chase dpm of [3H]uridine/2 X los cells 

0 3.3 x 106 
4 2.3 X lo6 30 

12 2.1 x 106 36 
24 1.2 x 106 64 
48 0.4 X lo6 88 

7% decrease 

Confluent cultures bf rkbbit synovial fibroblasts in serum-free me- 
dium were pulse-labeled for 18 with ["]uridine and PMA (lo-* M). 
Radioactivity waS then removed, and the cells were placed in chase 
medium. At selected intervals, duplicate cultures were terminated for 
the amount of radioactivitv in the PCA-soluble fraction. 

A 

[ I  
.$z 

x 
N 
d 
d 

1 0 

UDP ,;; 

Minutes 

B 

u 
lo' 4 12 24 48 

Hours of chase 

FIGURE 2: Decay of [3H]uridine nucleotides in rabbit synovial fi- 
broblasts. The PCA-soluble fraction, extracted as described under 
Materials and Methods, was fractionated by FPLC. Five hundred 
microliter samples were applied to a polyaniori S1 H R  5 / 5  anion- 
exchange column in 10 mM phosphate buffer. Nucleotides were eluted 
with a 10-850 mM phosphate gradient, add the amount of radioactivity 
in each peak was determined. Solid line rising to the right indicates 
the salt gradient (Figure 2A). (A) FPLC profile of nucleotides a t  
start of the chase. (B) Decay of 3H nucleotides: UMP (a); UDP 
(0); UTP (+). 

bosomal RNA. After 16 h in [3H]uridine, the pool of ribo- 
somal RNA has become more fully labeled, and the specific 
activity of poly(A+) RNA is only one-fourth that of total 
RNA. 

Note that in this experiment, after a 12-h exposure to PMA, 
approximately 2% of the poly(A+) RNA represents collage- 
nase mRNA. Note, too, however, that 16 h of labeling with 
[3H]uridine is needed in order lo achieve a specific activity 
sufficient t o  sensitively measure the decay of collagenase 
mRNA. Results of eight other experiments showed that the 
amount of collagenase mRNA relative to the total poly(A+) 
RNA varied from 1% to 12%, depending upon the experiment 
(data not shown). 

Decay of [3H]Uridine in the Perchloric Acid Soluble Pool 
in Rabbit Synovial Fibroblasts during the Chase Period. To 
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Coefficients - PMA ioefflclcnts + PMR 

a .  5 2  a .  8 9  

b. - 0 . 0 3  b. - 0.03 

r-sq. 0.5 r-sq. 0.9 

Halt-Life = 23 Hour& Half-Life = 2 4  Hours 

FIGURE 3: Decay of poly(A+) R N A  in rabbit synovial fibroblasts. 
Confluent monolayers of rabbit synovial fibroblasts in 150-mm di- 
ameter culture dishes were pulse-labeled in serum-free medium for 
18 h with PMA (lo-* M). Radioactivity was then removed, and the 
cells were placed in chase medium for the "prechase" and "chase" 
(see Materials and Methods). Half of the cultures received PMA, 
and half did not. At each time pont, dishes were terminated, and 
the amount of ['HImRNA at  each point was measured in triplicate; 
(+) cpm poly(A+) from cells treated with PMA during the chase 
periods; (0) cpm poly(A+) from cells without PMA during the chase. 

determine the efficacy of the chase, we (1) measured the 
turnover of total [3H]uridine in the PCA-soluble pool and (2) 
fractionated the [3H]uridine in the PCA-soluble pool by FPLC. 
After 24 h of chase, the total [3H]uridine in the soluble pool 
had decreased by 64% and after 48 h, by 88% (Table 11). 
Similarly, the specific activity of [3H]uridine in total RNA 
within the cell, measured as cpm per microgram of RNA, 
declined very slowly, with only a 40% decrease after 60 h (data 
not shown). 

Fractionating the soluble pool by FPLC allowed measure- 
ment of the [3H]UTP pool at different times during,the chase. 
The data are presented in Figure 2 and show, in agreement 
with results of other investigators (Brock & Shapiro, 1983a,b), 
that (a) the UTP pool comprised only a small fraction of the 
acid-soluble pool and (b) the radioactivity in the UTP pool 
decayed at a fdster rate than that in either the UMP or the 
UDP pools. By 12 h, only 6% of the UTP pool contained 
radiolabeled material. Thus, we calculated the t l l Z  for the 
decay of the UTP pool to be abdut 4-5 h. By incubating the 
cells in nonradiolabeled medium for 8-10 h as d "prechase" 
that preceded the start of the actual chase period, the pool of 
[3H] UTP that could potentially be incorporated into mRNA 
was depleted. This assured us that incorporation of radio- 
labeled material would not ocqur duritlg the chase period. 

Decay of Poly(A+) RNA, Decay of Collagenase mRNA, 
and Effect of all-trans-Retinoic Acid and Dexamethasone. 
The presence of PMA did not influence the half-life of the total 
population of mRNAs (Figure 3). Results of eight experi- 
ments indicate that the t l l z  of the poly(A+) RNA is 25 f 4 
h. 

To measure the half-life of collagenase mRNA, we tested 
whether half-life was affected by the presence of PMA, all- 
trans-retinoic acid, or dexamethasone during the chase. I n  
all experiments, collagenase [3H]mRNA was induced by PMA 
in the presence of [3H]uridine. For the prechase and chase 
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periods, the [3H]uridine was removed, and all-trans-retinoic 
acid (IO” M) or dexamethasone M) was added to 
cultures, either with PMA (experiment 1) or without it (ex- 
periment 2). At intervals during the chase, cultures from each 
experiment were terminated, and the amount of [3H]mRNA 
hybridizing to collagenase cDNA spotted onto nitrocellulose 
filters was measured. As a control for the decrease in total 
collagenase mRNA in cells treated with retinoic acid or 
dexamethasone, poly(A+) RNA from experiments 1 and 2 
was spotted onto nitrocellulose filters and hybridized with 
32P-labeled cDNA, as described in Figure 1. RNA from both 
experiments was tested simultaneously in one hybridization 
with [32P]cDNA. Results showed that, similar to data shown 
in Figure 1, 24 h of treatment with retinoic acid or dexa- 
methasone decreased the amount of total collagenase mRNA 
within the cells by 30-50% (data not shown). 

The results also showed, however, that at time zero, the level 
of total collagenase mRNA (plotted on a log scale) in ex- 
periment 1 was nearly twice that of experiment 2 (Figure 4A). 
Further, total collagenase mRNA levels in experiment 1 re- 
mained high during the chase period in the presence of PMA, 
while those in experiment 2 declined rapidly during a chase 
without PMA. Reasons for the different levels of collagenase 
mRNA at time zero are unclear, although possible explana- 
tions are considered under Discussion. 

Measurements of the decay of [ 3H]collagenase mRNA 
revealed that the half-life of [3H]collagenase mRNA was 
approximately 35 h in the cells in experiment 1 (Figure 4B) 
while it was only 12 h in the cells in experiment 2 (Figure 4C). 
In neither case, however, was the tI l2  affected by retinoic acid 
or dexamethasone. Thus, we conclude that neither retinoic 
acid nor dexamethasone affected the half-life of collagenase 
mRNA. Half-life, however, was directly correlated with the 
level of collagenase mRNA induced in the cells: the greater 
the level of induction, the longer the half-life of the mRNA. 
Five other experiments gave similar results. 

DISCUSSION 
In this paper, we show that the half-life of collagenase 

mRNA is correlated with the amount of collagenase mRNA 
that is induced in the cells in response to treatment with 
phorbol myristate acetate. Addition of phorbol esters both 
induces the synthesis of collagenase mRNA and prolongs its 
half-life. Higher levels of induction are associated with a 
longer t I l 2 .  We also show that addition of all-trans-retinoic 
acid or dexamethasone to collagenase-producing cultures de- 
creases the amount of collagenase mRNA in the cells without 
affecting collagenase mRNA half-life. 

The mechanism by which glucocorticoids and retinoids in- 
hibit collagenase synthesis is of some interest. Both gluco- 
corticoids (Baxter & Funder, 1979) and, more recently, re- 
tinoids (Roberts & Sporn, 1984) have been shown to act at 
the level of transcription. Our data showing the ability of 
retinoic acid and dexamethasone to decrease collagenase 
mRNA levels in the cell are consistent with the hypothesis that 
these compounds act transcriptionally to decrease collagenase 
synthesis but do not affect existing mRNA. However, in other 
systems, such as the effects of hydrocortisone on casein mRNA 
(Guyette et al., 1979; Chomczynski et al., 1986) or estrogens 
on ovalbumin mRNA (McKnight & Palmiter, 1979), steroids 
influenced mRNA half-life, and this was a possibility in our 
system too. 

In studying the t l l z  of synovial cell mRNAs, it became 
apparent that the turnover of the UTP pool and ribosomal 
RNA in confluent cultures of resting fibroblasts was slow 
(Tables I and 11, Figure 2)(Abelson et al., 1974; Lyons & 
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FIGURE 4: Effect of PMA, all-trans-retinoic acid, and dexamethasone 
on the half-life of collagenase mRNA. Confluent cultures of rabbit 
synovial fibroblasts were pulse-labeled with [)H]uridine and PMA 
for 18 h. The cells were then placed in chase medium for an 8-h 
prechase to deplete the pool of [)H]UTP. Following the prechase, 
the chase period was begun by replacing the medium and adding 
all-trans-retinoic acid (lo4 M) or dexamethasone ( low7 M) to selected 
cultures. In experiment 1, PMA was present throughout the pulse, 
prechase, and chase periods; in experiment 2, PMA was removed after 
the 18-h pulse. At various times during the chase, cultures were 
terminated, and the amounts of total collagenase mRNA and 
[3H]collagenase mRNA were measured in triplicate. (A) Total 
collagenase mRNA: experiment 1 (0); experiment 2 (0). (B and 
C) [)H]Uridine collagenase mRNA: control (+); dexamethasone 
treated (0); retinoic acid treated (m). 

Schwarz, 1984). It was also apparent that an overnight pulse 
with [3H]uridine was needed in order to achieve a sufficient 
specific activity of [3H]collagenase mRNA. Thus, it was 
necessary to monitor the decay of the [3H]UTP pool in the 
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cells to assure that no incorporation of [3H]UTP occurred 
during the chase. In light of our findings that the tll2 for 
collagenase could vary from one experiment to another, it was 
important to know that the chase was effective and that we 
had successfully controlled for this variable. 

It was also important to note that despite the differential 
effect of PMA on the half-life of collagenase mRNA, the 
half-life of total poly(A+) RNA in synovial cells was not 
altered. A similar finding was noted by Krowczynska et al. 
(1985) in their studies on the t , /z for tubulin and actin mRNAs 
in leukemia cells treated with dimethyl sulfoxide: even though 
treatment differentially affected the half-life of tubulin and 
actin mRNAs, it did not affect the decay curve for total 
poly(A+) RNA. 

The finding that the half-life of synovial cell collagenase 
mRNA can be directly correlated with the level of mRNA 
induction also agrees with results of other investigators who 
have described stabilization of newly transcribed mRNA as 
one control mechanism for the accumulation of RNA in nu- 
merous other systems. These include type l collagen mRNA 
induced in tendon fibroblasts by ascorbate (Lyons & Schwarz, 
1984), insulin mRNA induced in insulinoma cells with glucose 
(Welsh et al., 1985), casein mRNA induced with prolactin 
in mammary gland organ culture (Guyette et al., 1979; 
Chomczynski et al., 1986), and malic enzyme mRNA induced 
by feeding starving ducklings (Goldman et al., 1985). In our 
work, we have long noted that the amount of collagenase that 
can be induced in synovial cells varies considerably among cell 
populations (Brinckerhoff & Harris, 1978; Brinckerhoff et al., 
1979, 1982, 1985; McMillan et al., 1981). In this paper, this 
variability is evident by the difference in the amount of col- 
lagenase mRNA present at time zero in two experiments 
(Figure 4A). Despite the fact that the cultures are established 
from rabbits of the same age and the fact that the cells used 
for experiments are at the same passage number and are under 
the same culture conditions, they are somewhat heterogeneous 
in that they are derived from an out-bred strain of rabbits. 
Furthermore, this variability in inducibility holds true whether 
the cells are stimulated with poly(ethy1ene glycol), PMA, or 
crystals of monosodium urate monohydrate. These previous 
data and the data presented in this study all suggest that the 
variability in collagenase levels is probably due to factors 
inherent within the cells that might influence their ability to 
respond to inductive stimuli. 

As has been discussed (Guyette et al., 1979), the level of 
particular species of mRNA within a cell is governed by nu- 
merous mechanisms, including transcription, processing, and 
degradation of the mRNA. However, more recently it has 
been suggested that there may be specific intracellular factors, 
such as a putative repressor protein controlling transcription 
of interleukin 2 mRNA (Efrat & Kaemper, 1984) or signals 
mediated by insulin and thyroid hormones (Goldman et al., 
1985), that contribute to the regulation of mRNA levels. In 
addition, many have suggested that the 5' or 3' untranslated 
regions of mRNAs may contain sequences that are important 
in controlling mRNA stability. For example, Morris et al. 
(1986) showed that the first 20 nucleotides of the leader were 
sufficient to couple histone mRNA stability with DNA rep- 
lication. The authors suggest that structural determinants of 
mRNA may be important regulators of any gene that is ex- 
pressed transiently during the cell cycle or in response to a 
metabolic signal. 

PMA is known to induce several proteins in synovial cells, 
among them plasminogen activator (Brinckerhoff et al., 198 1)  
and proactivator (Vater et al., 1983), a neutral proteinase that 
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is essential for the activation of latent collagenase and that 
appears to be coregulated with collagenase. Activator is in- 
duced by phorbol esters along with collagenase and suppressed 
by retinoic acid (Brinckerhoff et al., 1986). Plasminogen 
activator, on the other hand, although similarly induced by 
phorbol esters, is not suppressed by retinoic acid, suggesting 
disparate paths of regulation for these proteinases (Brinck- 
erhoff et al., 1981). Recent experiments have resulted in the 
isolation and characterization of genomic clones for synovial 
cell collagenase and in cDNA clones for proactivator (Fini et 
al., 1986; Brinckerhoff et al., 1986). Ultimately, we may 
isolate and characterize a family of genes that are linked by 
their ability to be induced by agents such as phorbol esters 
and interleukin 1 that "turn on" expression of the collagenase 
gene and by agents such as retinoids and glucocorticoids that 
"turn off" the collagenase gene. 
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Actinomycin D Inhibits Binding of Messenger RNA to Ribosomest 
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ABSTRACT: Inhibitors of R N A  synthesis such as actinomycin D, MPB, and cordycepin progressively inhibit 
the initiation of protein synthesis in intact, nucleated mammalian cells. This inhibition is not dependent 
on the levels of mRNA, ribosomes, or tRNA. Lysates prepared from CHO cells treated with actinomycin 
D do not incorporate labeled globin mRNA or ovalbumin mRNA into 80s initiation complexes at the rates 
of untreated control extract. The ability of the extracts to produce and accumulate 48s preinitiation complexes 
was assessed using the 60s subunit joining inhibitors edeine and 5’-guanylyl imidodiphosphate. Control 
extracts were able to accumulate both the 48s preinitiation complexes and the migration-related intermediates 
in the presence of both inhibitors. However, lysates derived from CHO cells treated with actinomycin D 
were unable to produce these complexes. This was also true a t  low temperature, a condition that does not 
inhibit m R N k  binding but prevents migration of the 4 3 s  complex along the mRNA. Mixing experiments 
with extracts from untreated control or AMD-treated C H O  cells provided no evidence for a translational 
inhibitor. Thus, our data are consistent with the hypothesis that treatment of whole cells with actinomycin 
D inhibits protein synthesis initiation at  the level of mRNA binding aqd not a t  migration or 6 0 s  subunit 
joining. 

A number of investigators have determined that the rate 
and extent of protein synthesis in nucleated eukaryotic cells 
is dramatically inhibited by treatment with transcriptional 
inhibitors such as actinomycin D (AMP),’ MPB,’ and cor- 

dycepin. The inhibition has been observed in numerous cell 
types including HeLa cells (Singer & Penman, 1972, 1973), 

Abbreviations: MPB, 2-mercapto-l-(cu-4-pyridylethyl)benz- 
imidazole; AMD, actinomycin D; Hepes, N-(2-hydroxyethyl)- 
piperazine-N’-2-ethanesulfonic asid; eIF, eukaryotic initiation factor; 
Gpp(NH2)p, 5’-guanylyl imidodiphosphate; pCp, cytidine 5’,3’-bis- 
phosphate; m’GTP, ’I-methylgu&~osine triphosphate; CHO, Chinese 
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