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Cell Cycle Arrest by Prostaglandin Al at the C1/S Phase 
Interface With Up-Regulatibn of Oncogenes in S-49 
cyc- Cells 
Millie Hughes-Fulford 
Research Service, Veterans Administration Medical Center, and Department of Medicine, University of 
California Medical Center, San Francisco, California 941 21 

Abstract Our previous studies have implied that prostaglandins inhibit cell growth independent of CAMP. Recent 
reports, however, have suggested that prostaglandin arrest of the cell cycle may be mediated through protein kinase A. 
In this report, in order to eliminate the role of c-AMP in prostaglandin mediated cell cycle arrest, we use the-49 
lymphoma variant (cyc-) cells that lack adenylate cyclase activity. We demonstrate that dimethyl prostaglandin Al 
(dmPGAl) inhibits DNA synthesis and cell growth in cyc- cells. DNA synthesis is inhibited 42% by dmPGA, (50 pM) 
despite the fact that this cell line lacks cellular components needed for CAMP generation. The ability to decrease DNA 
synthesis depends upon the specific prostaglandin structure with the most effective form possessing the C X , ~  

unsaturated ketone ring. Dimethyl PGAl i s  most effective in inhibiting DNA synthesis in cyc- cells, with prostaglandins 
PGEl and PGB, being less potent inhibitors of DNA synthesis. DmPGE2 caused a significant stimulation of DNA 
synthesis. S-49 cyc- variant cells exposed to (30-50 pm) dmPGAl, arrested in the G1 phase of the cell cycle within 24 h. 
This growth arrest was reversed when the prostaglandin was removed from the cultured cells; growth resumed within 
hours showing that this treatment is not toxic. The S-49 cyc- cells were chosen not only for their lack of adenylate 
cyclase activity, but also because their cell cycle has been extensively studied and time requirements for GI, S, Gz, and 
M phases are known. Within hours after prostaglandin removal the cells resume active DNA synthesis, and cell number 
doubles within 1 5  h suggesting rapid entry into S-phase DNA synthesis from the G1 cell cycle block. The S-49 cyc- cells 
are known to have a G1 / S  boundary through M phase transition time of 14.8 h, making the location of the prostaglandin 
cell cycle arrest at or very near the GI / S  interface. The oncogenes, c-fos and c-myc which are normally expressed during 
G1 in proliferating cells have a 2-3 fold enhanced expression in prostaglandin G1 arrested cells. These data using the 
S-49 variants demonstrate that dmPGAl inhibits DNA synthesis and arrests the cell cycle independent of CAMP- 
mediated effects. The prostaglandin arrested cells maintain the gene expression of a GI synchronous cell which suggests 
a unique molecular mechanism for prostaglandin action in arresting cell growth. These properties indicate that this 
compound may be an effective tool to study molecular mechanisms of regulation of the cell cycle. D 1994 wiley-~iss, Inc.* 
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Adenosine 3’5’ cyclic monophosphate (CAMP) 
is thought to play a central role in the regulation 
of cell growth [Ramwell and Shaw, 1970; Peery 
et al., 1971; Pastan et al., 1971; Millis et al., 
19721. The growth of many types of cultured 
cells is arrested by adding exogenous dibutyryl 
adenosine 3’5’ cyclic monophosphate (dbcAMP) 
[Millis et al., 1972; Ottan et al., 1976; Johnson 
and Pastan, 19711. In 1971, a report by Pastan 
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et al. demonstrated that growth of L-929 cells 
was inhibited by prostaglandin El (PGEJ. Like 
epinephrine and glucagon, certain prostaglan- 
dins are able to trigger adenylate cyclase activity 
in the cell membrane and stimulate a rise in 
CAMP; it was therefore logical to suggest that 
the block in cell growth caused by PGEl was 
solely due to the increased intracellular concen- 
tration of CAMP. However, we have published 
data supporting the hypothesis that the prosta- 
glandins may inhibit cell growth of BHK-21 cells 
independent of increases in CAMP levels Wiley 
(Hughes-Fulford) et al., 19831. 

There have been reports of inhibition of cell 
growth by prostaglandins [Honn et al., 1981; 
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Thomas et al., 1974; Santoro and Jaffe, 1979; 
Choi et al., 19921, with some supporting evi- 
dence that this effort is solely mediated by CAMP. 
In order to  disassociate the effect of the prosta- 
glandins from that of induction of CAMP synthe- 
sis in malignant tissues, we have carried out 
experiments in an S-49 lymphoma cell (cyc-) 
variant that was first isolated by Bourne et al. 
[1975]. Protein membranes from the cyc- vari- 
ant fail to respond to five effectors-adrenergic 
amines, PGE1, cholera toxin, guanine nucleo- 
tides, and fluoride ion-that normally stimulate 
adenylate cyclase to increase CAMP in the wild 
type S-49 cells. The cyc- phenotype possesses 
the catalytic unit of adenylate cyclase, but lacks 
the a subunit of guanine nucleotide binding 
regulator protein (GsJ which is needed for cou- 
pling the hormone receptor and adenylate cy- 
clase components for transmitting the external 
hormonal signal to activate adenylate cyclase 
[Johnson et al., 19801. 

In this study, we used the cyc- S-49 variants 
as tools to explore the mechanism of prostaglan- 
din action on cell growth inhibition. We found 
dmPGAl causes a late G1 cell cycle arrest with 
enhanced expression of c-fos and c-myc onco- 
genes. We show here that dmPGAl inhibits DNA 
synthesis, cell growth, and cell cycle of the S-49 
cyc- lymphoma cell independent of cAMP medi- 
ated pathways. 

METHODS 
Materials 

r3HI-methyl dTdR (20 Ci/nmol) and CAMP 
radioimmunoassay kits were obtained from New 
England Nuclear (Boston, MA). Prostaglandin 
El, PGE2, PGB1, 16,16 dimethylPGAl (dmPGAl), 
16,16 dmPGEz and PGFzu were purchased from 
Sigma Chemical Co. (St. Louis, MO) and/or 
Cayman Chemical (Ann Arbor, MI). Chromomy- 
cin A3 was purchased from Calbiochem (San 
Diego, CAI. Dulbecco’s Modified media (DME) 
with Earle’s salts was purchased from the Uni- 
versity of California, San Francisco, Cell Cul- 
ture Facility. The media was supplemented with 
10% v/v heat inactivated horse serum (HyClone 
1002981, and 110 mg/l of sodium pyruvate. 

Cell Culture 

The S-49 wild type and cyc- variant cells were 
obtained from the University of California, San 
Francisco, Cell Culture Facility. The cells were 

grown in suspension while maintained in a hu- 
midified incubator (5% Cog) at 37°C in 250 ml 
flasks containing from 20-40 ml of DME supple- 
mented with 10% heat inactivated horse serum. 
All experiments were carried out in either tripli- 
cate or duplicate with individual assays. Prosta- 
glandin treatments (20-50 pM) contained traces 
of ethanol, therefore all control cells were treated 
with the same concentration of ethanol as the 
experimental cells. The final concentration of 
ethanol never exceeded 0.05%. 

Measurement of DNA Synthesis 

This method was previously described [Wiley 
(Hughes-Fulford) et al., 19831. At the specified 
time points, cells were incubated with L3H1- 
methyl thymidine (2 pCi/ml) for 15 min at 37°C. 
After the incubation, media was suctioned into a 
radioactive trap bottle. Cells were washed three 
times with 6% TCA (5°C) followed by 3 more 
times with equal volumes of 95% ETOH (5°C). 
Cells were allowed to air dry for 5 min before 
solubilizing in lysis buffer (0.5 M NaOH, 0.5 M 
NaC1, 1% n-lauryl sarcosine, 4 m MEDTA, and 
0.01 M Na pyrophosphate). After 30 min, 200 p1 
were analyzed for protein by the method of 
Lowry et a1 (1951) and a second 200 pL sample 
was counted in liquid scintillation fluid (Beck- 
man “Ready-Solv,” Fullerton, CAI for isotope 
analysis in a Beckman LS-330 counter. Samples 
were assayed for protein using the method of 
Lowry et al. [19511 as modified by Brown et al. 
[19731. The majority of the experiments were 
carried out 2-3 times in triplicate. All statistics 
were calculated using student’s t-test and data is 
reported in S.E.M. ? S.D. 

Measurement of cAMP Content 

Cyclic AMP levels were measured according to 
the modified method of Rapoport [19701 on the 
same cells in which the DNA synthesis was de- 
termined. Briefly, after centrifugation, the triti- 
ated thymidine solution was rapidly aspirated 
and 1.0 ml of cold 5% TCA was added. After 30 
min at 0-4”C, the TCA solution containing CAMP 
from the disrupted cells was collected, frozen, 
and later extracted and assayed for CAMP by ra- 
dioimmunoassay. All data is reported in S.E.M. +- 
S.D. using Student’s t-test. 

Cell Counts and Flow Cytometry 

All cell counts were made on a ZBI Coulter 
Counter using Isotone I1 as the diluent. For flow 
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cytometry, cells were fixed and stained as de- 
scribed by Coffin0 et al. 119751. Briefly, 1 x 1 0 6  
cells were centrifuged and washed twice with 
PBS. After centrifugation, the pellet was resus- 
pended in 1 ml of 15 mM MgClz in 95% EtOH 
and stored at  4°C. For staining, the cells were 
centrifuged and resuspended in 2 ml chromomy- 
cin A3 solution. This solution was filtered 
through 37 pm nylon mesh, capped, and mea- 
sured for DNA content using a Coulter flow 
cytometer. Flow cytometry was carried out on 
three different experiments; representative cyto- 
metric graphs are shown. The flow cytometry 
data were graphically calculated by the method 
of Gray et al. 119791. Once the total area for GI, 
S, and Gz/M were graphically calculated, the 
values were added together and percent of total 
determined. 

Dye Exclusion 

Aliquots of the cell solutions were centrifuged 
in a tabletop centrifuge. The media was aspi- 
rated and replaced by an  equal volume of .04% 
trypan blue in PBS. The solution was vortexed 
and allowed to sit for a minimum of 10 min. 
Cells were counted for dye exclusion under a 
microscope in a hema-cytometer. 

Detection of Oncogenes c-fos and c-jun 
Messenger RNA 

All molecular biologic techniques were ob- 
tained or adapted from standard references 
[Sambrook et al., 19891. RNA was prepared from 
previously harvested and frozen cultures of S-49 
cyc- cells using RNAzol (Cinna-Biotecz, Friend- 
swood, TX). Total RNA was transferred to nylon 
membranes (Hybond, Amersham, Arlington 
Heights, IL) by overnight blotting on slot blot. 
RNA was cross linked to the nylon by calibrated 
UV exposure [Church and Gibert, 19841 in a 
Stratalinker (Stratagene, La Jolla, CAI. The blots 
were hybridized for 18-20 h to the biotinylated 
labeled fos or jun probes (Oncor Non-Isotopic 
System, Gaithersburg, MD) in a buffer contain- 
ing 200 mM sodium phosphate, pH 7.2,lO mg/ml 
bovine serum albumin, 35% formamide, 7% so- 
dium dodecyl sulfate, and l mM NaEDTA in 
rotating capsules in a hybridization oven (Rob- 
bins Scientific, Sunnyvale, CA). On removal, the 
blots were washed at moderate stringency in 
0.1 x SSC [Sambrook et al., 19891 for 30 min at 
52°C and subjected to autoradiography for peri- 
ods of 1-4 days. 

TABLE I. Effect of dmPGAl on 5-49 
Lymphoma DNA Synthesis and CAMP? 

Tritiated 
thymidine 

incorporation 
into DNA CAMP 

(cpmiwd15 min) (pmolima) 

Wild type Control 1,237 42 1.7 ? 0.1 
dmPGAl 839&3* 3.9 & 0.2** 

dmPGAl 619 5 136** 0.82 f 0.1 (N.S.) 
cy- Control 1,140 + 21 0.98 + 0.1 

?The effect of prostaglandin on the wild type (W.T.) adenyl- 
ate cyclase (cyc-1 S-49 cells is shown here. The S-49 cells 
were in stationary suspension culture in Dulbecco’s medium 
with 3 giliter glucose plus 10% fetal calf serum which was 
heat inactivated. The S-49 cells in exponential growth were 
treated with 50 FM dmPGAl or vehicle for 2 h before 
measuring DNA synthesis or CAMP generation. The data is 
reported in +-S.E. 
*P < 0.001. 
**P < 0.02. 

RESULTS 
Effect of dmPCA, on DNA Synthesis in 

Lymphoma Cells 

As shown in Table I, dmPGAl is a potent 
inhibitor of DNA synthesis in S-49 wild type and 
cyc- lymphoma cells. After exposure to dmPGAl 
for 2 h, DNA synthesis of cyc- cells was inhib- 
ited by 46%. Dimethyl PGAl caused a significant 
increase in CAMP levels in the S-49 wild type 
cell. In comparison, the basal CAMP level of the 
cyc- cells were a fraction of the wild type and, as 
expected, there was no increase in intracellular 
CAMP in the prostaglandin-treated cyc- cell. 
Therefore, the inhibition of DNA synthesis in 
the cyc- variants cannot be attributed to a CAMP- 
mediated mechanism. 

Specificity of the Prostaglandins’ Effect 

The specificity of the prostaglandin effect on 
DNA synthesis in cyc- is shown in Figure 1. 
This figure demonstrates that in S-49 cyc- cells, 
the response of DNA synthesis varies with the 
specific prostaglandins tested. The most dra- 
matic effect was that of dimethyl PGA1, which 
reduced DNA synthesis to almost one-half of 
control within 2 h of exposure. PGEl was the 
next most effective and PGBl was a less active 
inhibitor. Not all the prostaglandins caused inhi- 
bition of DNA synthesis; PGEz tended to in- 
crease DNA synthesis and dmPGEz and PGFz, 
caused a significant increase in DNA synthesis. 



268 Hughes-Fulford 

5000 - 

3000 - - 
0 
0 
v 

0 
n 
4 

x 

, I 6 O  1 4 0  I T - 
0 
K 

0 
0 

z 1 2 0  

& 100 

+ z 
0 
K 
w 

w 60 

6 0  

A n  -" 
dmPGA1 PGE1 P C E l  PGEZ PGFZ drnPGE2 

TREATMENT 

Fig. 1. The effect of prostaglandin on DNA synthesis of (cyc-) 
S-49 cells. The S-49 cyc- cells were grown in stationary suspen- 
sion culture in Dulbecco's medium with 3 g/liter glucose plus 
10% fetal calf serum. The S-49 cells in exponential growth were 
treated with 50 pM dmPCA7, PCB,, PGE,, PCE2, PGF2m, dmPCE2, 
or vehicle for 2 h before measuring DNA synthesis or CAMP 
generation. The data is reported in ?S.E. 
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Fig. 2. Growth curve of S-49 lymphoma cyc- cells. Cells were 
untreated and teamed with 30 pM dmPGA, for 60 h. Cells were 
grown in duplicate flasks (0-0, control; A-A, PCA, treated, 
and A-A, PCA, removed). Exponentially growing cells were 
seeded at 2 x 106 cellsiml. At 26 h, the cells were resuspended 
in fresh culture medium or in medium containing dmPGA,. 

Effect of PGAl on Cell Growth 

As seen in Figure 2, cell growth was inhibited 
over the entire 60 h of dmPGAl exposure. In one 
set of cell cultures, dmPGAl containing media 
was removed after 26 h of exposure and logarith- 
mic growth was totally reestablished within 16 h 
after removal of prostaglandin. The cell cycle 
was analyzed by flow cytometry and plotted as 
cell population ordinate vs. DNA distribution; as 
seen in Figure 3A, the first peak represents the 
cell population at  1 x DNA content (G1), the 

second peak is the number of cells at the 2 X 

DNA content produced by cells in G2 and M 
phases; the interval between the two peaks rep- 
resents cells in S phase. When logarithmically 
growing cyc- cells were analyzed by flow cytom- 
etry, approximately 52% of the cells were in GI, 
27% were in S phase, and 21% were in G2/M 
(Fig. 3A). As seen in Figure 3B, when cyc- cells 
are exposed to dmPGAl for 26 h, there is a 
striking decrease in the cell population in S 
phase and a concomitant rise in Gl (i.e., 92% in 
G1, 3% in S ,  and 6% in G2/M). Conversely, when 
cells are exposed for 26 h and the dmPGAl is 
removed for 18 h, there is a corresponding in- 
crease in S and GJM, with a concomitant de- 
crease in cells in G1 (60% in G1, 21% in S, and 
18% in G2/M) (Fig. 3C). Thus, 18 h after PGAl 
removal (Fig. 3C), the cells are returning to  the 
distribution seen in the control cells (Fig. 3A). 

Location of the Site of Cell Cycle Arrest Caused 
by dmPGA, 

It is known from previous work that the S-49 
cells are arrested in early G1 of the cell cycle by 
dBcAMP [Coffino et al., 1975; Gray et al., 1979; 
Sambrook et al., 19891. In order to  define the 
location of prostaglandin induced arrest in the 
GI phase more precisely, we studied the kinetics 
of DNA synthesis and cell growth in cells re- 
leased from the prostaglandin arrest. S-49 cyc- 
cells were synchronized in G1 by incubation in 
the presence of dmPGAl for 22 h, followed by a 
media wash to remove any residual prostaglan- 
din and the rapid addition of media containing 
dBcAMP (0.2 mM) to assure a single cell cycle 
after release of prostaglandin arrest. As illus- 
trated in Figure 4, the cells exhibit approxi- 
mately one cell doubling within 15 h. In data not 
shown, cells that are first arrested in G1 by 
dBcAMP for 22 h, followed by a media rinse and 
immediate addition of dmPGAl, do not progress 
through a cell cycle. During this procedure, we 
measured [3H-methyll dThd incorporation into 
DNA and observed a period of high DNA syn- 
thetic activity followed by distinct decrease of 
DNA synthesis at approximately 12 h, a time pe- 
riod that is compatible with previous estimations 
of length of S phase duration [Gray et al., 19791. 

Oncogene Expression in Growing and dmPGAl 
Arrested Cells 

S-49 cyc- cells were treated with and without 
prostaglandin and after 24 h approximately 90% 
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Fig. 3. Effect of dimethyl prostaglandin A1 on cell DNA distri- 
bution of the adenylate cyclase mutant (cyc-) S-49 cells. The 
cells represented in A and B were in exponential growth before 
treatment with vehicle or 50 pM dmPCAl for 44 h. Data in C 
represent the histogram of cells that were treated with 50 pM 
PCAl for 26 h before removal of the prostaglandin and re- 
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Fig. 4. Exit from the prostaglandin cell cycle arrest. The com- 
petence of the dmPCAl cells to reenter the cell cycle and the 
kinetics of that process were examined. In the experiment 
shown here, the S-49 cyc- cells were treated for 24 h with 50 
WM dmPCAl. The cells were then rinsed and resuspended in 
media containing 0.2 mM dBcAMP and samples taken every 2 
h. DNA synthesis (0-0) resumed within hours and was 
essentially complete by 13 h, the cell number (0-0) doubled 
within 13 h. Results shown are from one of 2 separate experi- 
ments. Shown are average results from duplicate sets of flasks. 

of the cells were arrested in GI. Messenger RNA 
was isolated as discussed in Methods. As seen in 
Table 11, the c-fos signal is higher in the prosta- 
glandin treated cells than the control. The same 
effect was seen in the c-myc probe of the control 
and treated cells. The visualized c-fos and c-myc 
messages were quantitated with video scanning 
densitrometry. Calculating area by relative 

C 

- - 
DNA DNA 

CONTENT CONTENT 

incubation in fresh media for 18 h. At 44 h all three groups were 
analyzed by flow cytometry to determine the frequency of 
distribution of DNA content per cell. Data are displayed as 
fluorescence per cell on the abscissa and cell number on the 
ordinate; both are arbitran/ units. 

TABLE 11. Oncogene mRNA Expression in 
Prostaglandin Arrested Cells* 

,,g m~~~ c-fos (peak height) c-myc (peak) 
(height) Control dmPGAl Control dmPGA, 

64 66 
89 

32 65 
42 

16 

8 

- 
- 
- 
- 

216 57 
197 48 
109 7 
111 15 
30 23 
53 29 
24 14 
- - 

131 
163 
48 
83 
84 
86 
51 
53 

*S-49 cells were grown with and without 30 WM dmPGAl for 
24 h. Messenger RNA was extracted, blotted, and probed as 
described in Methods. Video scanning densitometry of band 
peak height minus background is expressed in relative arbi- 
trary units. 

height of the peaks scanned (Table 111, we found 
that both the c-fos and the c-myc signals were 
from 2-3 fold higher than that of rapidly grow- 
ing control cells. 

DISCUSSION 

Prostaglandins stimulate the synthesis of 
adenosine 3’5’ cyclic monophosphate (CAMP), 
and, therefore, it has been suggested that the 
growth retardation caused by prostaglandins is 
mediated by this increase in intracellular CAMP 
level [Santoro and JafFe, 1979; Bourne et al., 
1975; Johnson et al., 19801. Many investigators 
have shown that prostaglandins inhibit cell 



270 Hughes-Fulford 

growth [Ramwell and Shaw, 1970; Wiley 
(Hughes-Fulford) et al., 1983; Honn et al., 1981; 
Thomas et al., 1974; Bhuyan, 1986; Ikai et al., 
1991; Santoro and Jaffe, 1979; Hughes-Fulford 
et al., 19841 in normal and malignant cells. 
However, Wiley (Hughes-Fulford) et al. showed 
that prostaglandins per se can inhibit both DNA 
synthesis and cell growth independent of in- 
creased CAMP generation [Wiley (Hughes-Ful- 
ford) et al., 1983; Hughes-Fulford et al., 1984, 
19851. Although it has been suggested that the 
prostaglandin inhibition is mediated through 
CAMP alone, previous studies did not establish a 
CAMP mechanism for the prostaglandin induced 
inhibition of cell growth. Recent reports of the 
induction of gadd153 mRNA in prostaglandin 
cell cycle arrest have shown that protein kinase 
inhibitor 2-aminopurine decreased PGA2 induc- 
tion of gadd 153. It was suggested that the 
PGA2 mediated growth arrest was working 
through a protein kinase since the use of the 
broad spectrum protein kinase inhibitor re- 
duced the gadd 153 signal [Choi et al., 19921. 
These observations have caused renewed inter- 
est in the prostaglandins’ mechanism of action 
and their role as growth regulators. 

The results presented in this paper confirm 
our previous hypothesis of a non-CAMP mecha- 
nism for prostaglandin induced inhibition of 
DNA synthesis. In this study we show that 
dmPGAl inhibits DNA synthesis in both wild 
type and adenylate cyclase variant S-49 lym- 
phoma cells. In the cyc- type S-49 cell the DNA 
synthesis was inhibited by 46% despite the lack 
of adenylate cyclase activity in the cyc- cells. 
This prostaglandin effect on DNA synthesis may 
be distinct from the arrest of the cell cycle, since 
we saw no significant change in the distribution 
of the cell cycle after 2 h of exposure to  prosta- 
glandins, even though there was a significant 
reduction (P  < .02) in DNA synthesis. 

The specificity of prostaglandin action is also 
of interest. Depending on their structures pros- 
taglandins regulate DNA synthesis in different 
ways. Some of the prostaglandins tested were 
inhibitors of thymidine incorporation into DNA, 
with dimethyl PGAl being more effective than 
PGEl and PGB1. Since PGEl can be dehydrated 
to PGAl in biological systems, all of the prosta- 
glandins that inhibit cell growth share a com- 
mon ring structure of cyclopentenone which has 
been noted by this laboratory and others [Honn 
et al., 1981; Hughes-Fulford et al., 19841. There 
was a significant increase of thymidine incorpo- 

ration into DNA caused by dimethyl PGE2. The 
inhibition of cell growth and DNA synthesis by 
dmPGAl is probably not secondary to toxicity 
for two reasons. First, cell membrane integrity, 
as measured by dye exclusion, is not changed 
even after several days of prostaglandin treat- 
ment. Secondly, even after 26 h exposure, the 
effect of dmPGAl is reversible after removal of 
the prostaglandin from the media. Within hours 
the cells proceed through the cell cycle at  the 
same rate as the controls. 

Since previous experience with both PGEl 
and PGBl had demonstrated degradation of bio- 
logical activity of the prostaglandins over long 
periods of time, we used the most potent and 
degradation-resistant prostaglandin, dmPGAl, 
to test the long-term effect of prostaglandin on 
growth. Cyc- cells were chosen for these growth 
studies since this S-49 variant eliminated the 
possibility that dmPGAl was working through a 
cAMP mediated mechanism and the kinetics if 
their cell cycles are known. The S-49 cyc- con- 
trol cells exhibited the expected 17 h doubling 
time. Addition of dmPGA, stopped entry of the 
cells into S phase and, therefore, caused the cells 
to  be arrested in G1 of the cell cycle. When the 
dmPGAl block was removed after 26 h the effect 
of the prostaglandin was reversed within hours, 
with logarithmic growth re-established within 
16 h. The a,p unsaturated ketone prostaglan- 
dins have been shown to block cell cycle in G, 
and inhibit entry into S-phase in L-1210 and B16 
cells [Bhuyan et al., 19861, in S49 cells [Hughes 
Fulford, et al., 19841 and in BHK and Balb/c 
MC3T3 cells (unpublished observations). 

Previous studies done in 1975 by Coffin0 et al. 
have shown that the S-49 cyc- cell cycle is ap- 
proximately 17 h long, with S-phase accounting 
for 12 h of the cell cycle. When cyc- cells are 
exposed to prostaglandin over an extended pe- 
riod, we observe a block of cell growth. The cells 
arrested by the prostaglandin showed an in- 
crease of the G1 phase population. This increase 
of cells in GI was coupled to a dramatic decrease 
of cells in S phase and in G2/M. After 22 h of 
exposure, at least 80% or more of the cells were 
found to be in G1, and this enrichment of the G1 
cell population was maintained throughout the 
52 h of the study. 

The time needed for cells to egress from the 
G1 prostaglandin block can be estimated from 
the data in Figure 4. Cells were grown in 
dmPGAl for 22 h before removal, and media 
containing 0.2 mM dibutyryl cAMP was then 
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added (dibutyryl CAMP is known to block cell 
cycle in early G1). If the dmPGAl block was 
before the dB-CAMP arrest, the cells would not 
have completed a cell cycle. These data demon- 
strate that the prostaglandin block of cell growth 
is different and distal to the site of the dB-CAMP 
arrest. Figure 5 shows a schematic of the loca- 
tion of the cell cycle block. Based on previous 
work by Gray et al. [19791 which showed an S 
phase of 12.1 h duration, and G2/M of approxi- 
mately 2.7 h, these data suggest that the 
dmPGAl block is very near the G1/S interface. 
Assuming that the cells are at the G1/S inter- 
face, it would take approximately 14.8 h for the 
cells to reach G1, agreeing very closely with the 
approximate 15 h we observed in our studies. 

During G1, the cell is preparing for S phase 
DNA synthesis. Olashaw and Pledger have pro- 
posed two discrete subphases of G1: (1) compe- 
tence (which can be fulfilled by adding platelet 
derived growth factor, epidermal growth factor, 
or activation of c-myc gene); and (21, progression 
(which requires factors from platelet-poor 
plasma, insulin, or somatomedin C) [Olashaw 
and Pledger, 19851. This hypothesis requires at 
least two molecular event switches to control 
progression into S-phase DNA synthesis. In re- 
cent years it has become apparent that regula- 
tion of cell cycle is a multi-phasic action of 
combined actions which can be receptor medi- 
ated, ion flux facilitated, and regulated at  the 
level of gene expression. Our studies demon- 
strate that prostaglandins can increase or de- 
crease DNA synthesis, depending on specific 
prostaglandin structure independent of CAMP. 
Other studies by this and other laboratories 
have demonstrated that prostaglandin E2 acts 
as a growth factor both in vitro and in vivo 
[Ueno et al., 1984; Jee et al., 1985; Handler et 
al., 1990; Mori et al., 1992; Hughes-Fulford et 
al., 19921. It is possible that the synthetic polar 

Fig. 5. Schematic of location of cell cycle block by drnPCAl. 

a,p unsaturated prostaglandins like dmPGA, 
may be interfering with natural endogenous 
prostaglandins like PGEz that normally regu- 
late growth in selected tissues. These data using 
the cyc- adenylate cyclase variants also show 
that a,p unsaturated prostaglandin growth inhi- 
bition is not mediated through CAMP or CAMP 
dependent protein kinases. The mechanism of 
action for prostaglandin regulation of cell cycle 
remains to  be defined. We are currently investi- 
gating specific prostaglandin receptors, phopho- 
lipases, the inositol phosphate pathway, and 
calcium channels as possible signalling mecha- 
nisms. Our data suggest that dmPGAl inhibits 
cell growth in late G1 accompanied with en- 
hanced c-fos and c-myc expression even 24 h 
after growth inhibition. DmPGAl inhibits the 
cell cycle in a non-toxic manner and blocks entry 
into S-phase DNA synthesis near the Gl/S 
boundary. This compound offers a powerful tool 
for the study of control of the cell cycle and 
regulation of initiation of DNA synthesis. 
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