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ABSTRACT  In the semisynthetic compound phorbol 12-reti-
noate 13-acetate (PRA), the antipromoting principle of vitamin A
acid is combined with the structure of a phorbol ester tumor pro-
moter. In skin of NMRI mice, a single topical application of PRA
induces skin inflammation, epidermal proliferation, and sustained
hyperplasia to a similar extent and apparently along the same
pathway as an equimolar dose of the strong tumor promoter phor-
bol 12-myristate 13-acetate (PMA). The mitogenic effects of both
PRA and PMA are mediated by prostaglandin E synthesis. How-
ever, in mouse skin initiated with 7,12-dimethylbenz[a]anthracene,
PRA does not promote tumor development, even at a high dose.
Under continuous PRA treatment, however, one to four applica-
tions of PMA (insufficient by itself to promote tumor growth) gave
a strong tumor response. Thus, it can be demonstrated that the
effects necessary for tumor promotion can be brought about by
a single application of PMA and that the subsequent chronic hy-
perproliferation of epidermis is probably necessary only to make
the tumors visible. By using the nonpromoting irritant mitogen
PRA, the concept of two-stage tumor promotion can thus be
strongly supported. Furthermore, in the NMRI mouse, PRA is a
much more potent second-stage promoter than mezerein, recently
reported to be an incomplete promoter in the Sencar mouse.

In mouse skin, tumor promotion can be brought about by a sin-
gle application of a subthreshold dose of a carcinogen followed
by repetitive applications of a noncarcinogenic promoter. One
of the most potent skin tumor promoters is phorbol 12-myristate
13-acetate (PMA, I). Although the promoting effect of PMA
seems to be inseparably linked to inflammatory effects and ep-
idermal hyperproliferation (1, 2), the mechanism of action of
phorbol ester tumor promoters s still a mystery because irritant
skin mitogens have been described that induce epidermal hy-
perproliferation as effectively as PMA without being potent tu-
mor promoters. These include the weakly promoting phorbol
ester-type compounds phorbol 12-tetradecatetra-2,4,6,8-en-
oate 13-acetate' (II; refs. 3 and 4) and mezerein (5, 6) and the
nonpromoting ionophore A23187 (7). Thus, the induction of
cellular proliferation is possibly a necessary but certainly not
a sufficient condition for tumor promotion. A similar conclusion
has been drawn from studies of tumor promotion in cell cultures
@, 9).

There is an increasing body of evidence supporting the theory
that skin tumor promotion has at least two separate stages. It
was reported, for example, that turpentine, a nonpromoting
irritant skin mitogen, accomplished in a so-called “propagation
stage” the tumor-promoting effect of a limited number of croton
oil treatments (conversion stage; ref. 10). Although other in-
vestigators were apparently unable to confirm this result (11,
12), the concept of two-stage promotion has recently gained
support after it was observed that only a few PMA applications
(which, by themselves have no, or only a weak, promoting ef-
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fect) are sufficient to promote tumor development when fol-
lowed by long-term treatment with the irritant skin mitogen
mezerein (13). Unfortunately, mezerein itself exhibits some tu-
mor-promoting efficacy so that PMA and mezerein could be
misinterpreted as acting in an additive manner.

By introducing a nonpromoting phorbol ester, we are now
able to confirm the concept of two-stage promotion. As sug-
gested by experiments with the unsaturated PMA analogue (I)
(3, 4), the tumor-promoting potency of PMA can be diminished
without impairing the irritant and mitogenic properties by the
introduction of double bonds into the long-chain fatty acid res-
idue. The tumor-promoting efficacy is completely abolished
when the side chain is replaced by the retinoyl residue. The

Abbreviations: PMA, phorbol 12-myristate 13-acetate; PRA, phorbol

12-retinoate 13-acetate.

* Present address: U.S. Department of Agriculture, Western Regional
Research Laboratory, Berkeley, CA 94710.

tThe h('ians configuration of double bonds 6,7 and 8,9 is not definitely
proved.
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resulting phorbol 12-retinoate 13-acetate (PRA, III) is a non-
promoting skin mitogen and the most powerful “second-stage
promoter” currently known.

MATERIALS AND METHODS

Materials. 7,12-Dimethylbenz[a]anthracene, indomethacin,
and prostaglandins E, and F,, were purchased from Sigma.
PMA was kindly provided by E. Hecker (German Cancer Re-
search Center, Heidelberg). [methyl->H]Thymidine (specific
activity, 20 Ci/mmol;.1 Ci = 3.7 X 10 becquerels) was ob-
tained from New England Nuclear.

PRA was obtained by partial synthesis and purified by pre-
parative high-pressure liquid chromatography; its structure was
proved by spectroscopic means (unpublished results). Mezerein
was isolated from seeds of Daphne mezereum and characterized
spectroscopically (14). All compounds were tested for purity by
thin-layer or high-pressure liquid chromatography before use
and during the time of tumor-promotion experiments.

Animals and Treatments. Female albino mice (strain NMRI;
7 to 8 weeks old) were used in all experiments. The back skin
of the animals was shaved by an electric clipper 3 to 4 days be-
fore beginning the biochemical experiments or 7 days before
beginning the tumor-promotion experiments.- Only those ani-
mals that did not show regrowth of hair were used.

PMA, PRA, mezerein, indomethacin, and prostaglandins E,
and F,, were dissolved in acetone (0.1 ml) and topically applied
to the shaved area by a micropipette. For pulse labeling of epi-
dermal DNA, 30 uCi of [methyl-*H]thymidine in 0.3 ml of
0.9% NaCl was injected intraperitoneally. The animals were
killed 1 hr later by cervical dislocation. For processing of the
dissected skin, isolation of epidermal DNA, and measurement
of radioactivity, see ref. 15.

For the tumor-promotion experiments, animals (16 per
group) received single topical applications of 100 nmol of 7,12-
dimethylbenz[a]anthracene (16) followed, beginning 1 week
later, by twice-weekly applications of the promotion regimen.
The number and incidence of papillomas were counted weekly.

RESULTS

PRA as an Irritant Skin Mitogen. A single application of the
semisynthetic phorbol ester PRA to mouse skin in vivo stimu-

lated the incorporation of [methyl-*H]thymidine into epidermal

DNA ‘and provoked epidermal hyperplasia as effectively as an
equimolar dose of PMA (Figs. 1 and 2). The effect was dose-
dependent. As shown in Fig. 3, the proliferative effect of PRA
was inhibited by previous treatment. of the skin with the cy-
clooxygenase inhibitor indomethacin (17). This inhibition could
be reversed by prostaglandin E,, but not by prostaglandin F,,,
applied simultaneously with PRA (Fig. 3). The test for irritant
activity using the mouse ear assay gave an irritant dose affecting
50% of test animals (IDs,) of 0.04 nmol per ear as compared with
0.01 nmol per ear for PMA (16).

PRA as an Incomplete Promoter. The results of tumor pro-
motion experiments with - PMA using the standard dose of 3.08
ug (5 nmol) and with PRA in various doses are given in Table
1. Whereas PMA exerted a strong promoting effect, PRA did
not produce any tumors when tested in doses of 1.72-6.88 ug
(2.5-10 nmol) over a period of 24 weeks. Using a two-stage pro-
motion protocol, PRA was shown to be a potent “second-stage
promoter.” The results of these experiments are shown in Fig.
4. One to four applications of 12.3 ug of PMA (20 nmol) each
did not promote tumor development when followed by two ap-
plications per week of acetone over for 14-17 weeks. However,
when the PMA treatment was followed by repetitive applica-
tions of PRA (6.88 ug; 10 nmol), a significant tumor response
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Fic. 1. Time course of DNA labeling in mouse epidermis in vivo
after a single topical application of 10 nmol PRA (e) or 10 nmol PMA
(0). Control animals (—) received acetone instead of phorbol ester.
(Inset) Dose—response curve for the effect of PRA on DNA labeling
measured after 18 hr. Results represent mean + SEM for 10 mice; con-
trol, 45.7 + 11.4 cpm/ug of DNA; n = 40.

was observed. At a given dose, the tumor-promoting efficiency
depended on the number of PMA applications. Even a single
PMA treatment followed by continuous PRA applications ex-
hibited a strong tumor-promoting effect (Fig. 4). At a given
number of PMA applications, the tumor-promoting efficiency
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Fic. 2. Effect of PRA on mouse skin. (Upper) Control. (Lower)
Forty-eight heurs after topical application of 10 nmol of PRA. Sections
(5 um) of skin were prepared, stained with hematoxylin/eosin, and
photographed. (x280.)
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Fic. 3. Effectof prostaglandins E, and F',, on epidermal DNA syn-
thesis after treatment with indomethacin/PRA. Mice were treated
with 0.1 ml of acetone or 1.1 umol of indomethacin in 0.1 ml of acetene
1 hr before the application of 0.1 ml of acetone, 10 nmol of PMA in 0.1
ml of acetone, or 10 nmol of PMA/10 ug of prostaglandin E, or Fy, in
0.1 ml of acetone and killed 21 hr after PMA treatment. Results are
mean + SEM; n = 10. A, Control; B, indomethacin treated; C, PRA
treated; D, indomethacin/PRA treated; E, indomethacin, PRA/pros-
taglandin E, treated; F, prostaglandin E, treated.

depended on the PMA dose (Table 2). As shown in Fig. 5, the
effect of PRA as a second-stage promoter was also dose
dependent.

Mezerein, which has been reported to be a second-stage
promoter in the Sencar mouse (13), was tested under the same
conditions as PRA. As shown in Table 2, this compound exerted
only a weak effect, both as a complete and an incomplete tumor
promoter, when tested in the NMRI mouse.

DISCUSSION

Vitamin A acid has been shown to be a potent inhibitor of skin
tumor promotion (18) that does not significantly affect the ir-
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Table 1. Tumor-promoting activities of phorbol esters

Tumor formation
After 12 weeks After 18 weeks  After 24 weeks
Dose, Rate, Rate, Rate,

Ester  nmol % Yield % Yield % Yield
PMA 5 100 4.6 100 16 100 74

PRA 25 0 0 0 0 0 0
5 0 0 0 0 0 0
10 0 0 0 0 0 0

Seven-week old female NMRI mice (16 per group) were treated with
a single dose of 100 nmol of 7,12-dimethylbenz[a]anthracene (in 0.1
ml of acetone). One week later, treatment with phorbol ester was
started. The phorbol ester was applied twice a week in 0.1 ml of ace-
tone. At the end of the experiment, =94% of the animals were alive.
Tumor-prometing activity was measured as rate (no. of tumor-bearing
animals per no. of survivors) and as yield (no. of tumors per no. of
survivors).

ritant and mitogenic effects of phorbol ester tumor promoters
(vef. 19; unpublished results). PRA, which combines the struc-
ture of the anti-tumor-promoter vitamin A acid with the struc-
ture of a phorbol ester in one and the same molecule, does not
exhibit any tumor-promoting efficacy but induces skin irritation
and epidermal hyperplasia to the same degree and along the
same pathway as PMA (7, 20, 21). This includes mediation of
the mitogenic effect by prostaglandin E synthesis and its in-
hibition by indomethacin (Fig. 3), induction of early phospho-
lipid turnover, induction of ornithine decarboxylase activity,
and development of catecholamine and G, chalone refractori-
ness (unpublished results).

These results confirm the conclusion based on earlier obser-
vations that tumor promotion is not due solely to prostaglandin-
mediated hyperproliferation (hyperplastic transformation) of
epidermis (7, 22). Moreover, the vitamin A acid analogue of
PMA provides an appropriate negative control compound for
experiments on the biological effects of phorbol ester tumor
promoters because, as an irritant mitogen, it probably has the
same. mechanism of action as PMA without being a promoter.
In contrast, 4-O-methylphorbol 12-myristate 13-acetate, which
is currently used as a negative control, does not evoke skin in-
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Fic. 4. Two-stage tumor promotion after treatment of mouse skin with 100 nmol of 7,12-dimethylbenz{alanthracene. One week later, twice-
weekly applications of 20 nmol of PMA were started. After one (a), two (@), or four (0) PMA treatments, the mice received 10 nmol of PRA in acetone
twice weekly for the rest of the 18-week experiment. At the-end of the experiment all of the mice were alive. Tumor-promoting activity was measured
as rate (no. of tumor-bearing animals per no. of survivors) and as yield (no. of tumors per no. of survivors).
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Table 2. Two-stage tumor promotion in NMRI mouse skin

Proc. Natl. Acad. Sci. USA 78 (1981) 7725

Tumor formation .
After 12 weeks After 15 weeks After 18 weeks
Treatment Rate, Rate, Rate,
First Second % Yield % Yield % Yield
PMA (4 times; 20 nmol) Acetone (32 times) 0 0 0 0 0 0
Acetone (4 times) PRA (82 times; 10 nmol) 0 0 0 0 0 0
PMA (4 times; 20 nmol) PRA (32 times; 10 nmol) 82 8.0 88 10.6 94 10.8
PMA (4 times; 10 nmol) PRA (32 times; 10 nmol) 60 1.9 67 33 80 5.2
PMA (4 times; 5 nmol) PRA (32 times; 10 nmol) 25 08 40 1.6 54 24
PMA (4 times; 10 nmol) Mezerein (32 times; 8 nmol) 13 0.1 13 0.1 20 0.3
Mezerein (4 times; 8 nmol) Mezerein (32 times; 8 nmol) 0 0 7 0.7 7 0.7

Female NMRI mice (16 per group) were treated with 100 nmol of 7,12-dimethylbenz[a]anthracene. One week later, treatment
with PMA and mezerein (in 0.1 ml of acetone each) or acetone (0.1 ml) was started. The compounds were applied twice a week
for 2 weeks. Beginning with the third week of promotion the treatment was continued with PRA or mezerein (in 0.1 ml acetone
each) or with acetone up to 18 weeks. At the end of the experiment, =94% of the mice were alive. Tumor-promoting activity
was measured as rate (no. of tumor-bearing animals per no. of survivors) and as yield (no. of tumors per no. of survivors).

flammation and induces epidermal hyperproliferation via a
mechanism different from that of PMA (22).

Thus, our experiments support the concept of two-stage pro-
motion proposed by Boutwell (10). Considering the results, it
may be assumed that effects probably obligatory and critical for
tumor promotion can be brought about by a single application
of PMA and that the subsequent long-term induction of epi-
dermal hyperproliferation may be necessary only to make the
tumors, which are mainly reversibly growing benign papillo-
mas, visible to the naked eye. The second stage of tumor pro-
motion in mouse skin may be a feature of the assay system rather
than a fundamentally important step.

The events involved in the first stage of promotion are still
entirely unknown, presumably because they are camouflaged
by the strong pleiotropic effects of PMA. It has been proposed,
mainly for theoretical reasons, that the first stage may include
expression of the tumor phenotype in the course of a functional
reprogramming (metaplasia; refs. 2 and 23). This has been pos-
tulated to be necessary because initiation has occurred in a tis-
sue (i.e., epidermis) that, under normal conditions, is thought
to be invariably committed to a special kind of function and,
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thus, cannot spontaneously express the functional alterations
induced by the carcinogen.

In our hands, PRA has been found to be a much more pow-
erful second-stage promoter than mezerein, which has been
found recently to be an incomplete promoter in the Sencar
mouse (13). Moreover, mezerein shows weak full-promoter ef-
ficiency and (at least in NMRI mice) toxic effects when repeat-
edly applied, which make the interpretation of two-stage pro-
motion experiments carried out with this compound somewhat
difficult. Our results do not characterize mezerein as a second-
stage promoter in NMRI mice. Whether or not the lack of tu-
mor-promoting potency of PRA is due to its intrinsic vitamin
A-like activity remains to be established. Such an assumption,
however, seems to be inconsistent with the observation that the
second stage of tumor promotion induced by mezerein in the
Sencar mouse is inhibited by vitamin A acid (19).

The concept of two-stage promotion (and the availability of
a pure second-stage promoter such as PRA) may have important
implications in that it not only facilitates the investigation of the
promotion-specific effects of PMA but, in addition, may enable
investigators to decide whether an effect of a phorbol ester
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Fi6. 5. Dose-response relationship in second-stage promotion by PRA. Beginning 1 week after treatment with 100 nmol of 7,12-dimethyl-
benz{a]anthracene, mice were treated twice weekly with 20 nmol of PMA for 2 weeks. Starting on the third week of promotion, the mice received
twice-weekly applications of 2.5 (@), 5 (0), or 10 (a) nmol doses of PRA. At the end of the experiment, =94% of the animals were alive. Tumor-
promoting activity was measured as rate (no. of tumor-bearing animals per no. of survivors) and as yield (no. of tumors per no. of survivors).
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measured in a given biological system is related to tumor pro-

motion or merely reflects the pleiotropic effects of PMA as a

skin mitogen. Because of the large amount of data on the bio-

fogical actions of PMA, this question is important for experi-
. mental cancer research.
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