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Abstract. Analogs of the A and E series prostaglandins were screened in vitro for their
chemotherapeutic potential against Lewis lung carcinoma and B16 amelanotic melanoma
cells, since in vivo studies had demonstrated that PGA, and an analog of PGE, inhibited
tumor growth. DN A synthesis by collagenase-dispersed tumor cells was evaluated at timed
intervals after exposure to the 16, 16-dimethyl analogs of PGA,, PGA,, PGE,, and PGE.. In
general, the PGA derivatives were more potent than the PGE analogs. However, the
maximum effect was achieved with combined PGA and PGE treatment. These findings
demonstrate that A and E series prostaglandin analogs inhibit DNA synthesis in two unre-
lated tumor types and thus may be potent inhibitors of tumor growth. These effects were not
due to tumor cell cytotoxicity. These results suggest that these compounds may prove useful

as cancer chemotherapeutic agents.

Numerous drugs currently used for the
chemotherapy of cancer exhibit cytotoxic-
ity and mutagenicity (1). This has prompted
a search for natural inhibitors or their
analogs which may prove effective in the
control of growth of malignant tumors.
Considerable research effort has centered
around the retinoids, analogs of vitamin A,
which have demonstrated anticarcinogenic
and antitumor effects (2, 3). Another group
of naturally occurring bioregulatory com-
pounds with wide tissue and species dis-
tributions (4) are the prostaglandins.

Prostaglandins (PG’s) have been shown
to affect normal (5) and neoplastic (6) cell
proliferation. Dimethyl analogs of PGE,
have been reported to decrease tumor
growth (7) and induce neoplastic cell differ-
entiation (8). We have demonstrated that
the A series PG’s (PGA,, PGA,) were po-
tent inhibitors of Harding—Passey mel-
anoma cell DNA synthesis. PGA,; and
PGA, were more potent inhibitors of
melanoma cell DNA synthesis than equiv-
alent doses of the chemotherapeutic agents,
adriamycin and hydroxyurea (9). This inhi-
bition of DNA synthesis was not related to
cytotoxicity based upon vital dye exclusion
(9). In the present study, we have compared
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the antitumor effects of the stable (16,16-
dimethyl) analogs of PGA and PGE series
compounds in two tumor lines. In addition,
possible synergistic action between A and
E series prostaglandin analogs was investi-
gated.

Materials and Methods. The BI16
amelanotic melanoma (B16,) and Lewis
lung carcinoma (3LL) were originally ob-
tained from the DCT-Animal and Human
Tumor Bank. Subcutaneous tumors were
maintained in male syngeneic C57BL/6J
mice (Jackson Laboratories). All the
studies outlined below utilized monodis-
persed cells obtained from primary subcu-
taneous tumors by a modification of our de-
scribed procedure (9). Aseptically removed
subcutaneous tumors were diced and
placed in sterile Eagle’s minimum essential
medium (MEM) buffered with sodium
bicarbonate (15 mM) and Hepes (25 mM).
MEM used for tumor cell dispersion con-
tained collagenase type III (Worthington, 1
mg mi~!), DNase I (Sigma, 50 pug ml™),
soybean trypsin inhibitor (Worthington, 100
ng ml™'), and fatty acid free human serum
albumin (Sigma, 10 mg ml™?). Cells were
dispersed (for 30 min and then for 60 min,
37°) under air in a Dubnoff metabolic shaker
(90 oscillations min~!). Supernatants were
collected through cheesecloth, centrifuged
(100g, 10 min), and pellets were washed
twice and resuspended in MEM buffered as
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described above. Final preparations con-
sisted of monodispersed (>99%) cells of
high viability (>95%) with low (4—7%)
host stromal cell contamination. Cells
were resuspended at a concentration of
5 x 10° ml~! and incubated in MEM with-
out serum supplement. The effects of 16,16-
dimethyl-prostaglandin A,, A,, E,, and E,
(di-Me-PGA,, di-Me-PGA,, di-Me-PGE,,
di-Me-PGE,) on [?*H]thymidine (2 wCi ml™;
4 pnCi 10° cells™'; New England Nuclear,
45.2, 48.0, 57.0, or 80 Ci mmole™!; 1 Ci =
3.7 x 10' Bq) uptake and incorporation
into DNA were examined at timed inter-
vals. The procedure for estimating the
acid-insoluble (incorporation) and acid-
soluble (uptake) thymidine pools have been
described (9). In general, the analogs were
dissolved in ethanolic (1.0%) sodium car-
bonate (0.02%) at concentrations of 2.5,
1.0, or 0.1 mg ml~!. Ethanolic sodium car-
bonate was used as the control, yielding a
final ethanol concentration of 0.01% (v/v).
For the synergism experiment the analogs
were dissolved in ethanolic (1.0%) sodium
carbonate (0.02%) at a concentration of 1.0
mg ml~' and were serially diluted to 0.5,
0.4, and 0.2 mg ml~'. Controls were treated
as described above. Data are expressed as
moles of thymidine 10° cells™! or as per-
centage control. A minimum of four repli-
cate incubations was used per datum point.
Data were analyzed by analysis of variance
and Students t test. Differences were ac-
cepted as significant when P < 0.05.

Results. Suspensions of B16, and 3LL
tumor cells steadily incorporated [*H]-
thymidine into DNA over an 18-hr in-
cubation period, (Table I). 3LL cells in vitro
incorporated more [*H]thymidine into DNA
than B16, cells (Table I), consistent with
the greater in vivo and in vitro doubling time
of the former (10). Uptake of [*H]thymidine
increased during the first hour but remained
plateaued thereafter. The effects of the di-
methyl prostaglandin analogs on this nor-
mal pattern of tumor cell DNA synthesis
were evaluated during a 4- and 18-hr incu-
bation period.

In the Lewis lung carcinoma, incubation
with each of the di-Me-PG’s depressed
thymidine incorporation into DNA at 4 hr
over a dose range of 10—25 ug ml~'. The
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TABLE 1. INCORPORATION OF [*H]THYMIDINE BY
Lewis LUNG CARCINOMA AND
B16 AMELANOTIC MELANOMA

Hours Lewis lung carcinoma® B16, melanoma®
1 0.15 = 0.04“ 0.08 = 0.01
2 1.90 = 0.15 0.29 = 0.03
4 4.14 = 0.12 2.30 = 0.03
8 7.75 = 0.74 3.14 = 0.11
18 16.2 = 0.16 4.61 ~ 0.22

Note. Cells (5 x 10° ml~') were exposed to 2 uCi
mi~' [*H]thymidine for the above time intervals.

* Data are presented as picomoles of thymidine +
SEM per 10° cells; n = 8.

¢ Specific activity of [*H]thymidine = 57.0 Ci
mmole™!.

 Specific activity of [*H]thymidine = 48.0 Ci
mmole™".

analogs were ineffective at this time inter-
val at a dose of 1 ug ml~*. Di-Me-PGE, was
approximately 30% less effective than the
other analogs in this inhibition (Table II).
At 18 hr of incubation, each of the di-Me-
PG’s had inhibited DNA synthesis in 3LL
cells by at least 50% (Fig. 1). At the maxi-
mal dose di-Me-PGE, was slightly less ef-
fective than the other dimethyl analogs ex-
amined, depressing thymidine incorpora-
tion by 72.9% below controls in comparison
to di-Me-PGA,, di-Me-PGA,, and di-Me-
PGE, which depressed DNA synthesis by
86.3%, 89.2%, and 82.6%, respectively
(Fig. 1). At each time interval examined, a
dose response to all of the di-Me-PG’s was
observed (Table II, Fig. 1). Monitoring of
cellular uptake of [*H]thymidine indicated
that inhibition of DNA synthesis by PG

3Ll
100
S
O 504
N Hh H—H
© vl oy ookl By o B, ok AR,
DOSE (wg/m/)
Fi1G. 1. Dose-dependent inhibition of 3LL tumor

cell DNA synthesis by di-Me-PG analogs after 18 hr
incubation. Refer to Table II for experimental details.
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TABLE II. EFFECTS OF 4-hr EXPOSURE TO A AND E SERIES PROSTAGLANDIN ANALOGS ON
Tumor CELL DNA SYNTHESIS

Lewis lung carcinoma B16, melanoma

Treatment pmoles thymidine % Control pmoles thymidine % Control
Control 4.14 = 0.06¢ 1.62 = 0.05"
Dimethyl PGA,

1.0 ug ml~! 3.92 +0.13 94.8 + 1.6" 1.43 = 0.05 88.0 + 1.4°
10.0 ug ml~! 2.54 = 0.04 61.3 = 0.5 0.50 = 0.03 29.9 = 0.8
25.0 ug ml™! 2.07 = 0.03 50.0 = 0.4 0.39 = 0.01 23.7 = 0.4

Dimethyl PGA,

1.0 ug ml™ 4.11 = 0.02 99.4 + 1.8 1.24 = 0.10 76.3 = 3.0
10.0 g ml™! 2.67 = 0.04 64.6 = 0.5 0.49 + 0.08 302 =25
25.0 ug mi™! 1.83 = 0.05 44.2 = 0.7 0.52 + 0.06 31.9 £ 1.8

Dimethyl PGE,

1.0 ug ml™! 4.23 = 0.11 102.3 = 1.4 1.73 = 0.03 106.3 = 0.8
10.0 ug ml™! 2.57 = 0.10 62.0 = 1.2 0.62 = 0.01 38.1 £ 0.2
25.0 ug ml™! 2.26 = 0.12 545 = 1.5 0.24 + 0.02 14.7 = 0.6

Dimethyl PGE,

1.0 ug ml™! 4.51 = 0.06 109.0 = 0.7 1.65 = 0.03 101.6 = 0.9
10.0 pg ml~! 3.90 = 0.10 94.1 = 1.2 1.34 = 0.09 82.5 2.6
25.0 ug mi™! 3.42 = 0.17 82.8 + 2.1 1.01 = 0.09 62.4 + 2.5

Note. The cells (5 x 10° mi~') were exposed to analogs, at the concentrations specified simultaneously with
{*H]thymidine (2 xCi ml™'). The specific activity of [*H]thymidine was 45.2 Ci mmole™' for B16, experiment

and 57.0 Ci mmole™! for Lewis lung.

“ Data are presented as picomoles of thymidine = SEM per 10° cells; n = 4 for experimental groups; n = 8

for controls.

* Data are present as percentage of control + SEM.

analogs was not due to interference with
[3H]thymidine uptake.

PGA and PGE analogs depressed DNA
synthesis by dispersed B16, cells. After 4 hr
incubation, di-Me-PGA, and di-Me-PGA, at
doses of 1-25 ug ml™! significantly de-
pressed B16, melanoma DNA synthesis
(Table II). Di-Me-PGE, and di-Me-PGE,
were effective at the two higher doses ex-
amined (Table II). In 3LL tumor cells
treated with the PGA and PGE analogs,
there was a significantly greater inhibition
of DNA synthesis at 18 hr than at 4 hr. In
contrast, inhibition of B16, DNA synthesis
after an 18-hr incubation was only slightly
greater than the level of inhibition observed
at the 4-hr interval for all of the analogs
tested with the exception of di-Me-PGA,
(Fig. 2). In general, di-Me-PGA,, di-Me-
PGA.,, and di-Me-PGE, were equally effec-
tive in inhibiting B16, DNA synthesis and
were considerably more potent than di-
Me-PGE, in the 10—25 ug ml! range (Fig.
2). As with 3LL tumor cells, PGA and PGE

analogs did not alter [*H]thymidine uptake
into B16, cells. Assay of the incubation
media for lactate dehydrogenase (11) indi-
cated no difference between control and
PG-treated cells. Furthermore, there was
no difference in viability (vital dye exclu-
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FiG. 2. Dose-dependent inhibition of B16, tumor
cell DNA synthesis by di-Me-PG analogs after 18 hr
incubation. See Table II for experimental details.
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sion) between control and PG-treated cells,
thus excluding the possibility of a cytotoxic
effect during the exposure interval studied.

To determine the lag phase between the
time of analog administration and the time
when they were effective as inhibitors of
DNA synthesis, B16, cells (5 x 10° cells
ml~!) were exposed to di-Me-PGA, (10 ug
ml™!) or di-Me-PGE, (10 g ml™!) in the
presence of [*H]thymidine (2 uCi ml™!) for
specified times. As seen in Table III, both
di-Me-PGA, and di-Me-PGE, significantly
depress DNA synthesis at 30 min postexpo-
sure. Inhibition increases with time and at 4
hr di-Me-PGA, (10 ug ml~!) depressed B16,
melanoma DNA synthesis 70% below con-
trols. This effect was significantly (P <
0.005) greater than the effect of di-Me-PGE,
at this time (Table II).

The effects of combined treatment with
di-Me-PGA, and di-Me-PGE, on B16, cel-
lular DNA synthesis were tested (Fig. 3). A
combined dose of 2 ug ml~! of each analog
(di-Me-PGA, + di-Me-PGE,) inhibited
DNA synthesis more than 4 pug ml™' of
either di-Me-PGA, or di-Me-PGE, alone (12
and 28% greater, respectively). Five micro-
grams per milliliter of each analog inhibited
DNA synthesis more than 10 ug ml™! of
either di-Me-PGA, or di-Me-PGE, (17.5 and
23% greater, respectively).

Discussion. PG’s and their analogs have
been implicated in the control of growth
and differentiation of several types of tumor
cells (6—8). The majority of published work
deals with E series PG’s. The analog, di-
Me-PGE,, is a potent inhibitor of tumor
growth in vivo (7, 12) and induces differ-

565

Bl6
3
N
S
N

0 2 4 5 10 2 8 5.1 2 5
DiMern PoAy DiMeruv, P6Ey Diferuv. PGAy
Dikerwv. PGE]

DOSE (wg/mf)

Fi1G. 3. Synergistic inhibition of B16, tumor cell
DNA synthesis by combination treatment with di-
Me-PGA, and di-Me-PGE,. Specific activity of
[*H]thymidine = 57.0 Ci mmole '; n = 4.

entiation of Friend erythroleukemia cells
(8). PGA, and PGA, have been shown to
inhibit tumor growth or macromolecular
synthesis in a variety of unrelated tumor
systems (9, 13—-16). PGA, is a more potent
inducer of Friend erythroleukemia cell dif-
ferentiation than di-Me-PGE, (17). The ef-
fects of PGA, and PGA, on inhibition of
Harding—Passey melanoma cell DNA
synthesis compare favorably with known
chemotherapeutic agents and it has been
suggested that these compounds may be an
important pharmacological tool in cancer
chemotherapy (9).

The di-Me-PGA analogs tested in this re-
port were more effective than di-Me-PGE,
for inhibition of 3LL tumor cell DNA syn-
thesis and considerably more potent when
compared in the B16, tumor cell system.

TABLE III. TEMPORAL EFFECTS OF DIMETHYL PGA, AND DIMETHYL PGE, ON
DNA SyYNTHESIS IN B16, CELLS

Time (min)
15 30 60 120 180
Dimethyl PGA. 0.20 = 0.004" 0.33 = 0.02*  0.47 = 0.01% 0.94 = 0.02%* 1.22 + 0.008*%
Dimethyl PGE, 0.18 + 0.002 0.30 = 0.002%* 0.48 = 0.01* 0.94 = 0.02%* 1.26 = 0.02*
Control 0.19 = 0.005 0.37 = 0.008  0.53 = 0.04 1.10 = 0.02 1.47 + 0.04

“ Data are presented as picomoles of thymidine + SEM per 10° cells; n = 4 for di-Me-PGA, and di-Me-PGE,
(10 ug ml~!) and n = 8 for control. Specific activity of [*H]thymidine; 80 Ci mmole™!. Cells (5 x 10> mi~!) were
exposed to 2 nCi mi~! [*H]thymidine for the above time intervals.

* Significantly different from control P < 0.0S.
** Significantly different from control P < 0.005.
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Di-Me-PGE, is also more effective than
di-Me-PGE, in both systems. This may be
due to the fact that di-Me-PGE, is 10 times
more effective in increasing cAMP levels in
these tumor cells than is di-Me-PGE, (un-
published observation). Di-Me-PGA, and
di-Me-PGA, inhibition of DN A synthesis is
as effective on a molar basis as retinoic acid
inhibition of B16 melanoma cell prolifera-
tion (18) and 25 times more effective when
compared to retinoic acid effects upon 3LL
tumor cell proliferation (19). The effective-
ness of the PGA analogs is considerably
greater than that of retinyl acetate (18). Ret-
inoic acid inhibition of B16 melanoma cell
proliferation requires a 48-hr exposure to
the test compound (18) whereas, an equiv-
alent dose of di-Me-PGA, significantly in-
hibits B16, melanoma cell DNA synthesis
within 30 min and an inhibition of 60% was
observed within 4 hr. The A and E series
PG’s and their analogs inhibit tumor growth
and DNA synthesis. In addition, they offer
the further advantage of inducing tumor cell
differentiation (8, 17). Finally, di-Me-PGA
and E series compounds can be used in
combination therapy to produce a syner-
gistic response.

The mechanism of action of these PG’s is
unclear, however, it does not appear re-
lated to cytotoxicity. In vitro PGE com-
pounds are considerably more potent than
the PGA compounds in stimulating tumor
cell cAMP levels (unpublished observa-
tion), suggesting a potentially different
mechanism of action for the PGA com-
pounds. Examination of the molecular
structure of PGA,, PGA,, and their di-Me
analogs may provide a clue as to their
mechanisms of action. Unlike the other
primary prostaglandins (PGE, PGF, PGD,
PGC, PGB), only the A series PG’s possess
a reactive «, S-unsaturated carbonyl group
in their cyclopentane ring (20). Various
«, B-unsaturated aldehydes have been demon-
strated to possess antitumor effects, spe-
cifically inhibition of DNA synthesis (21).
The B series PG’s (PGB, PGB,) are identi-
cal in structure to the PGAs, except that
they lack a reactive «,8-unsaturated carbonyl
group in the cyclopentane ring due to a
double-bond shift from carbons 10—11 to
carbons 8—12. In contrast to the PGAs,
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PGB , and PGB, are poor inhibitors of B16 ,
and 3LL tumor cell DNA synthesis (un-
published observation).

In vivo, PGA, inhibits B16 melanoma
tumor growth while stimulating both the
humoral and cellular components of the
immune response in tumor-bearing im-
mune-suppressed animals (16). The latter
effect of the A series PG’s may be a factor
in their inhibition of tumor growth. How-
ever, PGA,, PGA, (9), and their dimethyl
analogs have, in addition, potent direct ef-
fects on tumor cell DNA synthesis. Collec-
tively, these results suggest their potential
efficacy as cancer chemotherapeutic agents.
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