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ABSTRACT

Studies with the pyrimido-pyrimidine analogue RA 233 (Rapenton)
suggest that its antimetastatic action may not be mediated entirely by
inhibition of platelet function. Little is known about its direct effects on
tumor cells. We investigated the in vitro effects of RA 233 on clones
MTLn3 and MIC of differing metastatic potentials, isolated from the
13762NF rat mammary adenocarcinoma. The results indicated that RA
233 is cytostatic (ECÂ»of -140 MMand -180 MMfor MTLn3 and MTC
cells, respectively) rather than cytotoxic by determiningchanges in viable
cell number, thymidine uptake, and incorporation of thymidine and
methionine. In both clones RA 233 inhibited cAMP-dependent phospho-
diesterase activity and affected cAMP accumulation in intact cells. In
contrast, clonal heterogeneity in drug-induced morphological changes,
such as vacuole formation and altered organization of cytoskeletal struc
tures, as well as increased tumor cell growth at 50 MMRA 233 was
observed between clones MTLn3 and MTC. These data could explain
the conflicting results obtained with RA 233 when evaluated as an
antimetastatic agent.

INTRODUCTION

The formation of distant hematogenous mÃ©tastasesrequires
that the blood-borne tumor cells implant within the microcir
culation (1, 2). This step is believed to be affected by tumor cell
interactions with circulating normal cells such as platelets (3,
4). Some highly metastatic cells, however, do not interact
significantly with platelets (5), and the use of antiplatelet drugs
does not always result in inhibition of metastasis (6).

The pyrimido-pyrimidine analogue RA 233 was developed
originally as an antiplatelet drug with very low in vitro (7) and
in vivo (8) toxicity. Gastpar (9) demonstrated that RA 233
significantly reduces the number of fatal Walker 256 carcinoma
tumor cell emboli that lodge in lungs of rats after i.v. injection
and inhibits in a dose-dependent manner the adherence of
circulating tumor cells to the endothelium of mesenteric blood
vessels. In addition, Ambrus et al. (10) showed that RA 233
increases significantly the half-life of blood-borne Ehrlich as-
cites tumor cells in mice. Based on these findings, several
investigators attempted to inhibit experimental or spontaneous
hematogenous metastasis using animal tumors, with conflicting
results. In these studies RA 233 caused increases (11, 12),
decreases (13, 14), or had no effect on metastasis (11, 15).
However, RA 233 treatment in a clinical trial resulted in a
reduction in metastasis formation (16). These conflicting results
suggested that the antimetastatic activity of RA 233 is not likely
to be mediated via a common mechanism, such as blocking
tumor cell-platelet interactions. In addition to its antiplatelet
activities, RA 233 could act directly on tumor cells by modifying
cell growth, survival or other properties.
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Little is known concerning the direct effects of RA 233 on
tumor cells. Although the inhibition of tumor cell growth in
vitro has been examined (13, 14, 17-19),3 it appeared to be

nontoxic. This suggests that the antitumor and antimetastatic
activities of RA 233 are not mediated via direct cellular toxicity.
We report here on some of the biochemical and morphological
effects of low, nontoxic concentrations of RA 233 in vitro on
cloned metastatic cell lines derived from the rat 13762NF
mammary adenocarcinoma.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. Tumor cell clones MTC (low
spontaneous metastatic potential, passages 10-15) and MTLn3 (high
spontaneous metastatic potential, passages 15-22) were grown in
AMEM4 supplemented with 5% FBS (Flow General Inc., McLean,
VA) without antibiotics (20-22). At 60-80% cell confluency, the tumor
cells were harvested using 0.25% trypsin-2 mM EDTA in DPBS free of
calcium and magnesium (trypsin/EDTA), and they were diluted (1:50)
into fresh AMEM with 5% FBS.

RA 233 (Rapenton). RA 233 (2,4,6-trimorpholino-pyrimido[5,4,-i/]-
pyrimidine, M, = 421, a gift of Dr. Karl Thomae GmbH; Biberach,
West Germany) has been classified by the manufacturer as an inhibitor
of platelet5 and tumor cell6 phosphodiesterase. The drug was solubilized

in 0.1 N hydrochloric acid and diluted eight times with DPBS free of
calcium and magnesium (PBS, final pH 7.0). Controls were exposed to
hydrochloric acid diluted in PBS, pH 7.O.

In Vitro Growth and Cloning Efficiencies of Tumor Cells. For cell
growth studies, 2.5 x IO4 cells were plated into Corning 60-mm

diameter tissue culture dishes (Corning Glass Works, Corning, NY)
containing 3 ml of AMEM plus 5% FBS. The drug or drug-free solution
was added after 1.5 h. Cell numbers were determined without changing
the medium after 3 days when control cells were in exponential growth
and counted with a Coulter counter (Coulter Electronics, Hialeah, FL).
For estimation of cell growth after treatment with RA 233 the cells
were exposed to the drug as described above, then washed twice with 2
ml DPBS and detached in 2 ml trypsin/EDTA solution. Cell numbers
were determined and adjusted to 2.5 x H)4cells/3 ml, and viable cell

numbers were counted after 3 days. For estimating cloning efficiency
200 cells/3 ml were plated into 60-mm diameter dishes. After a 7-day
incubation period the cell colonies were fixed at room temperature with
Car noy's fixative methanol:acetic acid (3:1) and stained with a crystal

violet solution. The percentage of cell survival was estimated as de
scribed previously (23).

Thymidine Uptake and Incorporation. For these studies, 2.5 X IO4
tumor cells/3 ml were plated into 60-mm dishes, and drug or drug-free
solution was added after 1.5 h. After 2 days of incubation, 3 ftCi

3 R. Lichtner, G. Hutchinson, and K. Hellmann. Differential effects of phos
phodiesterase inhibitors RA 233 and RX-RA 85 on growth and cell cycle distri
bution of two murine tumor cell lines in vitro, manuscript in preparation.

4The abbreviations used are: AMEM, Â«Â»-modifiedminimum essential medium;
FBS, fetal bovine serum; DPBS, Dulbecco's phosphate-buffered saline, pH 7.4,

containing 8.0 g of NaCl, 0.2 g of KC1, 1.14 g of Na2HPO4, 0.2 g of KH2PO4,
0.13 g of CaCl2,0. l g of MgCl2 per liter; PDE, phosphodiesterase; PBS, phosphate
buffered saline, pH 7.4, containing 8.0 g of NaCl, 0.2 g of KC1, 1.14 g of
Na2HPO4, and 0.2 g of KH2PO4 per liter; TCA, trichloroacetic acid; cAMP,
adenosine 3',5'-cyclic monophosphate; HEPES, JV-2-(hydroxyethyl)-l-pipera-
zine-/V'-2-ethanesulfonic acid; EGTA, ethyleneglycol-bis(0-aminoethyl ether)-
yV,/V,Â¿VW-tetraaceticacid; MT, microtubules; MF, microfilaments; IBMX, iso-
butylmethylxanthine.

5H. Weisenberger, unpublished results.
6 R. Zimmermann, unpublished results.
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methyl[3H]thymidine (56.5 mCi/mmol; New England Nuclear, North
Billevica, MA) was added to the cultures. After a 24-h incubation period
the medium containing radioactive precursor was removed by aspira
tion, and the cells were washed three times with 2 ml of DPBS at room
temperature each time. The tumor cells were detached with 1 ml of
trypsin/EDTA. For estimation of thymidine uptake into whole cells,
an aliquot (0.05 ml) of the cell suspension was incubated with 0.25 ml
of 1 M NaOH overnight. After neutralization with 0.125 ml of 2 M
acetic acid, 5 ml of Scintiverse was added and radioactivity determined
in a Beckman model LS75000 liquid scintillation counter (Beckman
Instruments Inc., Fullerton, CA). To another aliquot (0.05 ml), 0.5 ml
of 10% ice-cold TCA was added, and after a 30-min incubation at 1Â°C,

the TCA-precipitable material was washed three times with 10% ice-
cold TCA and twice with 95% ethanol by Millipore filtration (0.45-Mm
filter; Millipore Corporation, Bedford, MA). After drying, the filters
were placed in 10 ml Scintiverse, and radioactivity incorporated into
macromolecules was measured by the method described above.

Methionine Incorporation. Tumor cells were plated at 2.5 x IO4per
60-mm dish, and after 1.5 h, drug or drug-free solution was added.
After 2 days of incubation 3 Â¿Â¿Ci[35S]methionine (1109 Ci/mmol; New

England Nuclear) was added. After further incubation for 24 h, the
medium containing radioactive precursor was removed by aspiration.
Cells were washed three times with 2 ml of DPBS at room temperature
each time, three times with 2 ml of 10% ice-cold TCA each time, and
twice with 2 ml of 95% ethanol each time. The cells were air-dried and
solubili/ed in 1 ml of l M sodium hydroxide. Aliquots (0.25 ml) were
neutralized with 0.125 ml of 2 M acetic acid and added to 5 ml of
Scintiverse, and radioactivity incorporated into macromolecules was
measured by the method described above. Another aliquot was subjected
to protein determination according to the method of Lowry et al. (24).

Cellular cAMP Measurements. Intact cell cAMP was measured by
the method of Barber et al. (25). Cells (2.5 x 10' cells/60-mm dish)

were grown for 3 days in AMEM with 5% FBS. On the third day, the
adenine nucleotide pool was prelabeled by incubating the cells with 10
/Â¿Ci[3H]adenine (ICN; Radiochemicals Inc., Irvine, CA) in 1 ml of the
growth medium. After 1 h at 37Â°C,the medium was removed, the cells

were washed in HEPES-buffered, serum-free AMEM to remove extra
cellular radioactivity, and the cells were allowed to equilibrate at 37Â°C

for 60 min. After the cells were incubated under the designated condi
tions, the medium was removed, and the soluble nucleotides extracted
by the addition of ice-cold 5% TCA containing known concentrations
of [14C]ATP and [l4C]cAMP to correct for nucleotide recovery. The
TCA extracts were applied to 5 x 25-mm columns of Dowex AG50x4
(Bio-Rad Laboratories, Richmond, CA), and the ATP-containing frac
tions collected in the first 3 ml eluted. The next 3 ml eluted were
reapplied to neutral Alumina AG-7 (Bio-Rad) columns, and the cAMP
fraction was eluted with 0.1 M imidazole (pH 7.4). Aliquots of the ATP
and cAMP eluates (1 ml) were added to 9 ml of Liquiscint (National
Diagnostics Inc., Somerville, NJ), and the radioactivity determined in
a scintillation counter. The determinations were corrected for back
ground and recovery, and the cAMP content per cell was calculated as
the percentage of the ATP converted to cAMP, or % conversion =
(cpm cAMP x 100)/(cpm cAMP + cpm AXP), where AXP = ATP +
ADP.

Phosphodiesterase Activity. Cells grown to logarithmic growth phase
in 100-mm dishes were washed with ice-cold DPBS. The cells were
harvested by scraping, and the cell pellet was resuspended in 20 mM
Tris, 2 mM MgCl2, 0.25 M sucrose, pH 7.4, containing freshly prepared
protease inhibitors at final concentrations of 0.4 mM phenylmethylsul-
fonyl fluoride, 2 mM benzamidine, 5 Â¿IMleupeptin, and 25 mg/ml
trypsin inhibitor (Sigma Chemical Co., St. Louis, MO). The cells were
lysed using a Parr Cell Disruption Bomb after 20 min at 500 psi, and
the lysate was assayed at dilutions that yielded about 10% hydrolysis.
The standard reaction mixture in a total volume of 250 n\ at 30Â°C

contained 40 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 1 mg/ml bovine
serum albumin, 5 mM jS-mercaptoethanol, [3H]cAMP, and various
cAMP concentrations as indicated in "Results." The reaction was

initiated by the addition of enzyme and was terminated by the addition
of 50 n\ of 3 mM cAMP and placement in a boiling water bath for 1
min. After the samples were cooled on ice, they were incubated with

100 p\ of 1 mg/ml snake (Crotalus atrox) venom (Sigma) for 15 min.
The adenosine fraction was collected in the first 3 ml eluted by 2 mM
ammonium formate, pH 7.4, from a QAE-25 Sephadex column (0.6 x
2.5 cm). The entire 3 ml was counted in a scintillation counter.

Uptake of Beads into Cells. To estimate lysosomal uptake functions,
2.5 x IO4cells were grown on glass coverslips in 60-mm dishes. After
a 1.5-h incubation, drug or drug-free solution and 2.5 M'of fluorescent
beads (diameter ~0.26 pm; Polysciences Inc., Warrington, PA) were
added. After 3 days of incubation, the cells were washed briefly in
prewarmed (37Â°C)DPBS, and the coverslips were mounted right side

up over a drop of nail polish on a slide. The living cells were investigated
immediately under a Leitz fluorescence photomicroscope equipped with
a water immersion objective lens (Ernst Leitz, Wetzlan, West Ger
many). For the "washing out" experiment, cells were briefly washed in

prewarmed DPBS, fixed in buffered formalin for 5 min, washed re
peatedly in DPBS for 30 min, and then examined. Kodak Tri-X 400
film (Eastman Kodak Company, Rochester, NY) was used for photog
raphy, and in each set of experiments the same exposure and develop
ment times were used.

Fluorescent Labeling of Cells. Preparation of cell cytoskeletons was
essentially performed as described by Brinkley et al. (26). Cells cultured
on glass coverslips (22 mm diameter) were briefly washed in microtu-
bule-stabilizing buffer (80 mM HEPES, 1 mM MgCl2, 1 mM EGTA,
4% polyethylene glycol 6000, pH 6.9) at 37Â°Cand fixed by placing the

coverslips into prewarmed fixation buffer ( 1 mM MgCl2, 1 mM EGTA,
1% dimethylsulfoxide, 3% formaldehyde, electron-microscope grade in
PBS, pH 6.9) for 25-30 min at room temperature. After a brief rinse
in stabilization buffer, the cells were permeabilized by incubation for 2
min in detergent solution [80 mM HEPES, 1 mM MgCl2,1 HIMEGTA,
0.5% Triton X-100 (Sigma) pH 6.95]. After extensive washing in DPBS,
the remaining extracted cytoskeletons were treated with sheep antitu-
bulin antibody (kindly provided by B. R. Brinkley, University of Ala
bama, Birmingham, AL) for 1 h at 37Â°C.The coverslips were then
thoroughly washed with DPBS and treated for 1 h at 37Â°Cwith second
antibody (rabbit anti-sheep -y-globulin labeled with fluorescein; Miles

Scientific, Naperville, IL). After extensive washing (1 h) in DPBS, the
actin filaments in the same preparation were stained with rhodamine-
labeled phalloidin (Molecular Probes, Inc., Junction City, OR) for 20-
30 min at room temperature. After several brief washes in DPBS, the

150-
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Fig. 1. MTLn3 (â€¢)or MTC (O) cells were incubated in the presence of various
RA 233 concentrations for 3 days and cell growth was determined. Cells (2.5 x
IO4)were plated on day 0, and after 3 days all cultures were still in exponential

growth phase. Cell growth was expressed as percentage of controls, and each
experiment was performed three times with triplicate samples (mean Â±SE).
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EFFECTS OF RA 233 ON MAMMARY TUMOR CELLS

coverslips were mounted on glass slides in glycerol:PBS (9:1, v/v, pH
8) and sealed with Kronig wax.

Optical and Electron Microscopy. Untreated and drug-treated tumor
cells were examined by phase and fluorescent microscopy using a Leitz

Table 1 Cell growth and colony formation of I3762NF mammary tumor cells
after treatment with RA 233

Cells (2.5 x IO4) were treated for 3 days with various concentrations of RA

233. After extensive washing the cells were detached with trypsin/EDTA; 2.5 x
10* cells were replated into fresh medium plus serum without drug and cell

numbers determined after 3 days. For estimation of colony formation, 200 cells
were plated and colony numbers counted after 7 days.

CellcloneMTLn3

MTCRA233

(MM)0

50
100
200

0
SO

100Cell

growth
(no. of cells Â±SD

xIO3)N6

6
6
6

12
12
12513

Â±58643
Â±22

630 Â±58
502 Â±64
186 Â±48
177 Â±62
136 Â±61P<0.001"

<0.001NS*NS

<0.05Colony

formation
(no. of colonies Â±SD)N6

6
6
6

12
12
12109

Â±17
141 Â±15
131 Â±8
129 Â±14
71 Â±16
61 Â±13
55 Â±18P<0.01

<0.05NSNS

<0.05
200 12 95 Â±86 <0.005 12 46 Â±11 <0.001

" Significance determined by Student's / test.
* NS, not significant.

photomicroscope equipped with Kodak Tri-X 400 film. The same
exposure and development times were used for fluorescence-labeled
tubulin or actin in each experiment. For scanning electron microscopy,
cells were grown to subconfluency on 22-mm diameter plastic cover-
slips. The cells were carefully washed (5 times) with AMEM without
serum at 37Â°Cand fixed at this temperature with 1% glutaraldehyde,
0.125 M sodium cacodylate buffer, pH 7.3, for l h at 37Â°C.The cells

were then rinsed in 0.125 Msodium cacodylate buffer, pH 7.3, for three
3-min periods and postfixed in 2% OsO4 in the same buffer for 30 min
at 22Â°C.After three more rinses in cacodylate buffer, the cells were

dehydrated in a graded series of ethanol, transferred to Freon 113, and
critical-point dried in a Ladd critical-point dryer (Ladd Research Ind.,
Inc., Burlington, VT). The dehydrated cells were coated with 50-100
A gold and palladium in a Hummer VI (Technics-East, Inc., Spring
field, VA) and examined in a Hitachi model 520 scanning electron
microscope (Hitachi Densi America, Ltd., Woodbury, NY).

RESULTS

The effect of RA 233 on tumor cell growth was different in
the two clones investigated (Fig. 1). The number of MTLn3
cells increased up to 140% of control when exposed for 3 days
to drug concentrations up to 100 Ã•/M-Growth of clone MTC
cells, however, was not significantly modified under the same

Fig. 2. a, phase contrast micrograph of un
treated MTC cells; ft, MTC cells treated for 14
h with 50 itM RA 233 (bar, 100 *im); c, un
treated MTLn3 cells; d, MTLn3 cells treated
for 14 h with 50 /Â¿MRA 233 (bar, 50 iim); e,
scanning electron micrograph of untreated
MTLn3 cells;/, MTLn3 cells treated for 14 h
with 50 /IM RA 233 (bar, 1
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EFFECTS OF RA 233 ON MAMMARY TUMOR CELLS

experimental conditions. At concentrations of RA 233 greater
than 100 MM,growth of both clones was inhibited in a dose-
dependent manner with EC50 values of ~ 140 MMand ~ 180 MM

for clones MTLn3 and MTC, respectively.
Consistent with this observation, the recovery of MTLn3 and

MTC cells after prolonged exposure to various drug concentra
tions was dissimilar (Table 1). Pretreatment of MTLn3 cells
for 3 days with 50-200 MMof RA 233 did not reduce cell growth
efficiency or colony formation upon removal of the drug. These
parameters actually increased for MTLn3 cells pretreated with
50 or 100 MM RA 233. In contrast, these parameters were
decreased in MTC cells pretreated with concentrations of RA
233 greater than 50 MM.In addition, MTLn3 cells grown for 3
weeks in 50 MMRA 233 required the usual subculturing every
3-4 days indicating that at this concentration of RA 233 cells
were viable without any indication of drug toxicity.

Microscopic observations during growth of the two tumor
cell clones in the presence of RA 233 revealed alterations in
morphology. Fig. 2, a-d show phase contrast micrographs of
MTLn3 and MTC cells. The data indicate a very heterogenous
size and shape distribution for MTC cells, while MTLn3 cells
were more homogenous (27). Incubation of either cloned cell
line for 3 days with growth-inhibitory concentrations of RA
233 (>100 MM) resulted in the formation of numerous cell
vacuoles, often surrounding the nucleus. In contrast to MTC
cells (Fig. 2, a and A), MTLn3 cells (Fig. 2, c and d) formed
vacuoles at low RA 233 concentrations as well, requiring only
14 h of exposure to 50 MMRA 233. Scanning electron micro
scopic examination of MTLn3 cells treated for 14 h with 50
MMRA 233 revealed numerous cell indentations and retraction
of cellular processes (Fig. 2f) that were rarely found in untreated
cells (Fig. 2e). These probably represent collapsed vacuoles
formed during the processing for scanning electron microscopy.

The cell vacuoles could reflect an accumulation of the drug
in the vacuoles. Since RA 233 is fluorescent, we examined
MTLn3 cells treated with and without RA 233 and fluorescent-
beads by UV microscopy. In untreated MTLn3 cells fluorescent
beads were endocytosed and randomly distributed in the cyto
plasm (Fig. 3a). MTLn3 cells treated with 50 MMRA 233 did
not accumulate enough RA 233 to visualize the drug directly,
but cells treated with 150 MMRA 233 for 3 days accumulated
enough drug to be seen by UV microscopy. At this time the
drug as well as the beads appeared to be excluded from the
vacuoles (Fig. 36). Since the fluorescence intensity of RA 233
rendered it difficult to determine if uptake of beads was im
paired, RA 233-treated cells were formalin-fixed and washed to
remove the drug. Such cells lost their RA 233 fluorescence after
washing (within 10-30 min), but contained approximately the
same amount of beads as control cells (Fig. 3c).

Since retraction of MTLn3 cells after treatment with RA 233
could indicate an effect of the drug on cytoskeletal structures,
we examined the distribution of MT and MF in cytoskeleton
preparations of MTLn3 and MTC cells. In MTLn3 (Fig. 4a)
and MTC (Fig. 4e) cells the majority of the MT extended
radially from the perinuclear region to the cell cortex, some
terminating close to the plasma membrane and others following
the contour of the cell. MTLn3 cells treated for 14 h with 50
/KMRA 233 had denser arrays of MT structures, as indicated
by the more intense immunofluorescence. In addition, we found
that some MT were disarrayed and that incomplete MT were
present in the cells (Fig. 4b), while in MTC cells treated for 14
h with 50 MMRA 233 no change in the intensity of the staining
or the organization of MT was found (Fig. 4/).

In contrast to the effects of RA 233 on MT, we found that

Fig. 3. a, fluorescence micrograph of untreated MTLn3 cells incubated with
fluorescent beads; b, MTLn3 cells incubated with fluorescent beads and ISO i<\i
RA 233 for 3 days: c, MTLn3 cells incubated with fluorescent beads and 150 ^M
RA 233 for 3 days and then fixed for 5 min in buffered formalin and washed for
30 min in DPBS (bar, 20 firn).

RA 233 treatment resulted in a decrease in MF organization in
MTLn3 but not MTC cells. In untreated cells parallel MF
fibers were observed; sometimes they converged at focal points
or were displayed parallel to the cell periphery (Fig. 4, c and g).
A few small delicate MF stress fibers or cables were also visible.
These MF cables were not present in the same focal plane but
appeared to cross over and under one another, terminating
close to the cell margin in nonruffling areas, while in ruffling
areas they terminated prior to the ruffle. Treating MTLn3 cells
for 14 h with 50 MMRA 233 resulted in a decrease in MF
organization (Fig. 4d). Fewer MF cables were seen extending
across the cell, and most were confined to the cell periphery,
while there was no change in MF organization in MTC cells
treated with RA 233 (Fig. 4h). These results demonstrate the
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EFFECTS OF RA 233 ON MAMMARY TUMOR CELLS

Fig. 4. a, immunofluorescence distribution of MT in untreated MTLn3 cells; e, distribution of MT in MTLn3 cells treated for 14 h with 50 ^M RA 233; c,
fluorescent phalloidin distribution of MF in untreated MTLn3 cells; d, MF distribution in MTLn3 cells treated for 14 h with 50 /IM RA 233 (bar, 20 ion); e,
immunofluorescence distribution of MT in untreated MTC cells;/, distribution of MT in MTC cell treated for 14 h with 50 MMRA 233; g, fluorescent phalloidin
distribution of MF in untreated MTC cells; h, MF distribution in MTC cells treated for 14 h with 50 Â¿IMRA 233 (bar, 40 firn).
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EFFECTS OF RA 233 ON MAMMARY TUMOR CELLS

direct and differential effects of RA 233 on the growth and
morphology of these two tumor cell clones.

We next investigated whether the differential responses might
reflect a greater toxicity of RA 233 on MTC cells, as suggested
by the reduced recovery of MTC cells after removal of RA 233
(Table 1). Treatment of MTLn3 or MTC cells for 3 days with
50, 100, or 200 MMRA 233 did not reduce cell viabilities, and
the percentages of cells excluding 0.1 % trypan blue were greater
than 95% for all groups. As a further test for toxicity we
examined the effects of RA 233 on protein and DNA synthesis
by measuring methionine incorporation, thymidine uptake, and
thymidine incorporation at three RA 233 concentrations: One
concentration was very low (5 MM) and caused no apparent
effect on the growth of either cell line; one was intermediate
(50 MM)and resulted in maximal growth stimulation (~140%
of control MTLn3 cells); and one was high (150 MM)and was
growth inhibitory for both cell lines. Incorporation of [35S]-
methionine into TCA-precipitable macromolecules was not af
fected by RA 233 when MTLn3 (0.89 Â±0.07 x IO3 cpm/Mg
protein) or MTC (4.36 Â±0.5 x IO3cpm/Mg protein) cells were

incubated with these concentrations of RA 233. However, RA
233 inhibited in a dose-dependent manner uptake of [3H]thy-
midine into TCA-precipitable macromolecules, which repre
sented about half of the total cell-associated radioactivity (Fig.
5). In addition, [3H]thymidine uptake was affected in a similar

fashion (data not shown). These results do not show a differ
ential effect of RA 233 on the two tumor cell clones, in contrast
to the effects of RA 233 on tumor cell growth and cell mor
phology described above.

Since RA 233 has been classified as an inhibitor of PDE5'6,

we examined whether RA 233 affected PDE activity in whole
cell lysates of MTC or MTLn3 cells. While in MTC cells the
level of PDE activity was twice as much as in MTLn3 cells, the
effect of RA 233 on lysate PDE activity was identical with an
EC5o~1 MM(Fig. 6). The PDE activity in these lysates increased
with increasing cAMP concentrations. When PDE activity was
assayed over a range of cAMP concentrations with and without
10 MMRA 233, the ability of the drug to inhibit PDE activity
decreased as the substrate concentration increased (Fig. 7). This
is consistent with RA 233 being a competitive inhibitor of
cAMP PDE.

We also investigated the effect of RA 233 on intact cell
cAMP levels. Under basal conditions, the levels of cAMP in
MTC or MTLn3 cells were unaltered by acute exposure to RA

o MTC

â€¢MTU 3

UM BA233

Fig. 5. Uptake of [3H)thymidine for 24 h into MTLn3 (â€¢)or MTC (O) cells

in the presence of various RA 233 concentrations for 3 days. Each point represents
at least three independent experiments with triplicate samples (mean Â±SE).

ft 1*233

Fig. 6. cAMP-dependent PDE activity measured in whole cell lysates from
clone MTLn3 (â€¢)and MTC (O) cells at the indicated RA 233 concentrations and
1 nM cAMP.

Z 0.5-

uM tAMP
Fig. 7. cAMP-dependent PDE activity measured in whole cell lysates from

clone MTLn3 (â€¢)or MTC (O) cells at the indicated cAMP concentrations with
or without 10 /Â¿MRA 233. The difference in activity caused by RA 233 as a
fraction of the activity without RA 233 is the fraction of activity inhibited by 10
^M RA 233.

233 concentrations from 0 to 1000 MM(Fig. 8). However, if the
synthesis of cAMP was stimulated by the diterpene forskolin,
the accumulation of cAMP increased in a dose-dependent fash
ion with increasing RA 233 concentrations over the same
concentration range. While MTC cells were apparently more
responsive to 10 MMforskolin than MTLn3 cells, the effect of
RA 233 on the cellular cAMP response to forskolin was similar
for both cell clones (Fig. 8). The ECio for RA 233 in forskolin-
stimulated cells was at least 100 MMfor both clones. To deter
mine if vacuole formation was related to intracellular cAMP
levels we incubated MTLn3 cells with 50 MMRA 233 and 100
MMforskolin or 500 MMIBMX. After 14 h treatment only the
cells treated with RA 233 showed numerous vacuoles, although
forskolin-treated cells were more elongated. Cells treated with
IBMX were indistinguishable from control cells (data not
shown). The results demonstrated that RA 233 alters both
lysate PDE activity and intact cell cAMP accumulation, yet the
effect on MTC and MTLn3 cells was similar. It is interesting
to note that the concentrations of RA 233 required for an effect
on cAMP accumulation in the intact cells were much greater
than the concentrations that modified other cellular properties.
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Fig. 8. Conversion of ['Hjadenine to cellular cAMP in intact MTLn3 or MTC
cells. Cells in log growth phase were incubated with []H)adenine for l h. RA 233

with (â€¢)or without (O) 10 JJMforskolin were added simultaneously, and the cells
were incubated for 10 min prior to the measurements.

DISCUSSION

In addition to the known effects of RA 233 on platelet
function, the present investigation demonstrated that there are
direct effects of RA 233 on cultured 13762NF tumor cells. We
found that in both clones RA 233 impaired, to the same degree,
thymidine uptake and incorporation, inhibited cAMP-depend-
ent PDE, and affected cAMP levels in intact cells. In addition,
heterogeneous changes in cell morphology, cytoskeletal orga
nization, and cell growth in response to RA 233 treatment were
also observed. Heterogeneity in response of metastatic mam
mary adenocarcinoma cell clones to different chemotherapeutic
agents was also reported previously (23). The dissimilar effects
of RA 233 were not due to differential cytotoxicity towards the
cell clones, as shown by unaltered cell viability and protein
synthesis. Also, the decrease in thymidine uptake and incorpo
ration in the presence of RA 233 was not indicative of cytotox
icity. Since RA 233 inhibits adenosine uptake in platelets (8),
and dipyridamole (a chemically related drug) is a potent inhib
itor of nucleoside transport (28, 29), it is feasible that RA 233
inhibits thymidine transport via its plasma membrane trans
porter. Thus, RA 233 has at least two distinct sites of action,
cAMP-dependent PDE and nucleoside transport.

Based on the effects of RA 233 on cell morphology, growth
and cytoskeleton organization, a third site of action should be
considered. This is supported by our experiments in which
MTLn3 cells were incubated with forskolin and IBMX. These
agents, which are known to affect cAMP metabolism, did not
induce the same morphological changes as observed with RA
233. In agreement with this we reported recently that incubation
of MTF7 cells, another clone derived from the 13762NF tumor,
with Bt2cAMP mimicked the changes in MT organization
found during RA 233 treatment of MTLn3 cells, except that
vacuole formation and decreases in MF organization were only
associated with RA 233 treatment (19). The dissimilar effects
of RA 233 on clone MTLn3 and MTC cells may simply be due
to different sensitivity or an absence of the postulated third site
of action in MTC cells.

It is possible that the effects of RA 233 on cell growth,
morphology, and organization of cytoskeleton are related in

MTLn3 cells. The cell cytoskeleton has multiple functions:
linkage between the cell nucleus and the plasma membrane (30,
31), initiation of DNA synthesis (32), and regulation of the
mobility of surface receptors (33-36), and enzymes (37, 38).
Cytoskeleton alterations could be related to RA 233-induced
changes in growth behavior that we observed. The increase in
growth of MTLn3 cells in response to low concentrations of
RA 233 could have been the result of altered responses of these
cells to microenvironmental signals (such as growth hormones)
or improved survival of cells after plating due to changes in cell
surface molecules. However, the effects of RA 233 on MTLn3
cells in vitro may not reflect the responses of these cells to RA
233 in vivo in different microenvironments.

Cytoskeletal elements have also been reported to be instru
mental in movement of intracellular particles and secretion (39,
40). The increase in and altered distribution of MT in MTLn3
cells treated with RA 233 could be related to the increase in the
number of cellular vacuoles. However, the involvement of MT
in intracellular transport of secretory proteins has been chal
lenged (41), and at present the origins and contents of the
vacuoles are unknown. Conventional staining for carbohydrates
(periodic acid-Schiff) and lipids (oil red) have been negative.7

The vacuoles do not appear to be involved in phagocytotic
uptake, since small phagocytosized beads were not found asso
ciated with the vacuoles.

It has been proposed that cAMP (together with Ca2+-bound

calmodulin) regulates cytoskeletal organization (42). RA 233
treatment did not alter basal cAMP levels, even after prolonged
incubation with the drug." We cannot eliminate the possibility

that cAMP may not be instrumental in the changes described
and that other site(s) of action for RA 233 are responsible for
the changes in cell morphology and growth. However, we
cannot exclude that very localized changes in cAMP levels
might be sufficient to induce alterations in cytoskeletal organi
zation.

Using B16 melanoma cells Sheppard et al. (43) reported a
correlation between experimental metastasis formation and
cAMP accumulation in response to melanocyte-stimulating
hormone or forskolin. In contrast to those results, MTC cells
of low metastatic potential were more responsive to forskolin
stimulation of cAMP accumulation than the highly metastatic
MTLn3 cells. Since we examined only two 13762NF cell clones,
we cannot determine if a correlation exists between metastatic
potential and cAMP accumulation. However, Sheppard et al.
(43) also reported that this correlation did not exist with an
other murine melanoma line.

Our observations accentuate the complexity involved in re
lating tumor cell biochemical and morphological responses to
the action of RA 233. We found that RA 233 effects were
different in two cell clones of the rat 13762NF mammary
tumor. These data could explain the conflicting results obtained
with RA 233 when evaluated as an antimetastatic agent. Further
studies are underway to determine which parameter, if any,
may link the action of RA 233 with its antimetastatic activities.
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