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Table 4

Effect of TPA on recovery of 6-thioguanine and

ouabain mutants at different expression times

following UV irradiations

Selective Mutation frequency/10° survi-
agents added vors
UV (ergs/sq TPA (1 ug/ after UV irra-

mm) ml) diations (day) Survival (%) 6-Thioguanine Ouabain

0¢ - 2 95 26 (50)°

0¢ + 2 96 24 (46)
200¢ - 2 13 340 (135)
200¢ + 2 13 600¢ (237)
200¢ - 2 13 25 (20)
200 + 2 13 474 (37)
200¢ - 35 50 200  (296)
200¢ + 3.5 50 220 (327)
200°¢ - 3.5 50 62 (187)
200° + 35 50 78¢  (236)
200°¢ - 6 66 180 (367)
200¢ + 6 69 200  (415)
200¢ - 6 66 310 (1124)
200° + 6 69 410¢ (1691)

2 Number of cells per plate (9 cm) used was 2 x 10%/40.

® Numbers in parentheses, number of mutants.

< Number of cells per plate (9 cm) used was 3 x 10°/15.
4 Mutation frequencies of TPA-treated cells compared to control cells at equivalent doses of UV

were highly significant, p < 1%.

¢ Number of cells per plate (9 cm) used was 6 x 10%/30.

Table 5
Effect of TPA on recovery of 6-thioguanine and ouabain mutants in control and UV-treated cells 18
days after irradiation
Mutation frequency/10°® survi-
vors
UV (ergs/sq No. of cells
mm) (1 ug/ml) plated (x 10%) Survival (%) 6-Thioguanine Ouabain
0 - 4.6 97 25 (110)°
0 + 2.8 94 29 (77)
0 - 2.2 97 34 (73)
0 + 2.2 94 31 (64)
200 - 6.0 106 310  (1966)
200 + 6.0 101 430 (2600)
200 - 3.0 106 39 (125)
200 + 3.0 101 44 (133)

2 Numbers in parentheses, number of mutants

® Mutation frequency of TPA-treated cells compared to control cells at equivalent doses of UV

light was highly significant, p < 1%.

TPA as in the studies of Teebor et al. (28), we found that
effect to be less significant and not amplified at higher UV
doses.

In preliminary studies (not reported here), we were able to
confirm the observations made by Trosko et al. (32), Poirier
et al. (24), and Cleaver and Painter (10) that TPA, as with
other cocarcinogens, does not act as a specific inhibitor to
DNA repair synthesis. Using the technique described by
Trosko and Yager (31), we were able to show that both
phorbol and TPA, at concentrations of 0.59 and 1.0 ug/ml,
respectively, did cause a slight decrease in both scheduled
and unscheduled DNA synthesis which was noticeable only
after 2 hr postirradiation incubation.

The effects of the phorbol compounds on mutations were
tested in 2 mutation assay systems, one involving forward
mutations from 6-thioguanine sensitivity to resistance, the
other involving mutations from ouabain sensitivity to resist-
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ance. Our preliminary experiments (not shown here), using
a 42-hr mutation expression time, were shown not to allow
maximum expression of induced 6-thioguanine-resistant
mutations (see Table 4 and Refs. 17 and 23). Results have
been obtained indicating that the frequencies of 6-thio-
guanine-resistant colonies of both UV-irradiated and nonir-
radiated cells were significantly increased by TPA. In addi-
tion, unlike TPA, the results showed that phorbol, a non-
tumor promoter, did not increase the recovery of 6-thiogua-
nine-resistant colonies of nonirradiated cells. However,
phorbol did increase the mutation frequency of UV-irradi-
ated cells, although the effect was not as significant as for
TPA.

In order to determine whether the increased recovery of
mutations was real, we chose to utilize the ouabain resist-
ance mutation system and to compare it to the 6-thioguan-
ine resistance mutation system. The ouabain system has
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been shown to have a shorter expression time and to detect
only structural gene mutations.* The details of the protocol
for the ouabain resistance mutation assay have been sys-
tematically characterized (manuscript in preparation), and
the optimum condition was used for the present studies.
Results in Table 1 demonstrate that both TPA and, to a
lesser extent, phorbol can increase the recovery of UV-
induced, ouabain-resistant mutants. Unlike the TPA effect
on nonirradiated 6-thioguanine-resistant colonies which we
observed in our preliminary experiments, both phorbol and
TPA had no effect on nonirradiated cells. The experiment in
Table 2 was performed to determine the effects of TPA on
cells irradiated with different doses of UV. The results
showed a linear increase of ouabain-resistant mutations
with increasing UV doses. The TPA can enhance the recov-
ery of induced mutations with UV doses as low as 50 ergs/
sq mm.

To test whether the increased recovery of UV-induced
mutations was due to TPA inhibition of DNA repair, we
performed an experiment in which the TPA was added at
various times and for various durations after the UV treat-
ment. The results obtained (Table 3) clearly show that (a)
the greatest recovery of UV-induced mutations occurred
when TPA was present after the mutation expression time
and after the period when most DNA repair had occurred,
and (b) the presence of TPA alone in the selective medium
did not influence the recovery of ouabain-resistant mutants
(compare Series B and C in Table 3).

In order to refine the period that is responsive to the
mutation enhancement effect of TPA treatment following
UV irradiation, the experiments in Tables 4 and 5 were
performed. The results obtained from identical experimen-
tal conditions show some similarities and differences for the
2 mutation systems. The expression time for UV-induced
mutations was much longer for 6-thioguanine than for oua-
bain resistance mutation. For 6-thioguanine-resistant muta-
tions, the frequency continued to increase for 6 days after
UV irradiation. With the ouabain-resistant mutation system,
the maximum recovery was found about 2 days after UV
treatment, but decreases were seen thereafter. TPA treat-
ment increased recovery of UV-induced mutations in both
systems 2 days after UV irradiation (a 2-stage effect). This
TPA effect, while persisting in th 6-thioguanine system up to
18 days, diminished in the ouabain system 3.5 days after UV
treatment.

Although the mutants selected were not biochemically
characterized, they are apparently stable and inheritable
after subcultures. Randomly selected surviving colonies (99
from control plates and 157 from TPA-treated plates) were
isolated and retested in 6-thioguanine- and hypoxanthine-
aminopterin-thymidine-containing media. All the colonies
tested were capable of growing in 6-thioguanine medium
but failed to grow in hypoxanthine-aminopterin-thymidine
medium. Similarly, ouabain-resistant mutants (48 each from
UV-irradiated, control, and UV-TPA-treated plates) isolated
can continue to grow in ouabain-containing medium.

DISCUSSION

These experiments were initiated on the initial assump-
tions that (a) certain DNA repair mechanisms can contribute
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Chart 1. Survival of phorbol- and phorbol myristate acetate-treated
Chinese hamster cells exposed to various levels of UV irradiation. Final
concentrations in medium of phorbol and phorbol myristate acetate, dis-
solved in absolute alcohol, were 0.59 and 1 ug/ml, respectively.

to mutagenesis, (b) excision-type repair of pyrimidine di-
mers in Chinese hamster cells is an error-free mechanism,
(c) mutagenesis plays a role in carcinogenesis, and (d) the
colonies resistant to 6-thioguanine and ouabain are true
mutants. Since our results showed that TPA increased the
frequency of UV-induced, 6-thioguanine- and ouabain-re-
sistant colonies in cells that do not do much excision and
under conditions which did not specifically inhibit excision
repair, it seems clear that the action of TPA is not on exci-
sion repair. Our results showed that (a) TPA did not signifi-
cantly sensitize the UV killing at all doses, and (b) TPA was
most effective in increasing the mutation frequency when
present after the mutation expression time and after the
completion of most DNA repair. These observations clearly
refute the hypothesis that the tumor-promoting activity of
TPA is due to its ability to inhibit excision repair and, by in-
ference, to raise the mutation frequencies. Instead, our
results can better be explained by the hypothesis that TPA
is capable of modulating (repressing and derepressing)
gene activities.

For mutations to ouabain resistance, it was consistently
shown that the enhancing effect of TPA on mutation fre-
quency was only detected in UV-irradiated cells. UV induces
structural gene mutations as a consequence of changes in
DNA. Assuming that not all primary DNA lesions are ex-
pressed as mutations, the activation of these unexpressed
mutations would contribute to an increased recovery of
ouabain-resistant mutants (Chart 2A4). On the contrary, a
repression effect of TPA on gene activity would not be
detected since it results in enzyme deficiency (Na*-K*-ATP-
ase) and cell death. Without TPA treatment, the induced
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Chart 2. A, schematic representation of the conceptual explanation of the
effects of TPA on UV-induced, ouabain-resistant mutants in Chinese hamster
cells. In essence, the scheme illustrates that there are 4 theoretical, possible
states which could exist at the ATPase locus after UV irradiation. If the
ATPase gene is mutated by either a structural gene mutation which results in
a ATPase deficiency or a deletion-type mutation, the cell will die, since
ATPase activity is necessary for survival. If a structural gene mutation (») is
induced which does not affect the ATPase activity but alters its affinity with
ouabain, it will be scored as an ouabain-resistant cell. If this type of mutation
is not expressed because of a radiation-induced change in chromatin struc-
ture (»), the cell will soon die unless it is rescued by a derepression by TPA.
Also, if the ATPase locus is uneffected by the irradiation but is repressed by
TPA, the cell will die. B, schematic diagram illustrating the conceptual
explanation of the effects of TPA on UV-induced, 6-thioguanine-resistant
mutants. Four possible states can exist at the hypoxanthine-guanine phos-
phoribosyltransferase (HGPRT) locus after UV irradiation. If nothing hap-
pens, or if a structural gene mutation has occurred which does not affect its
enzymatic function (*), the cell will be 6-thioguanine sensitive. Also, if a
deletion-type mutation or a gene repression (via a change in chromatin
structure) (~) has occurred, the cell will be 6-thioguanine resistant. Unlike
the repressed ATPase locus, these cells will survive long periods in normal
medium, since the hypoxanthine-guanosine phosphoribosyltransferase ac-
tivity is not necessary for cell survival in normal medium. On the contrary,
TPA repression of the normal locus would enhance the recovery of more 6-
thioguanine-resistant cells.

mutant with unexpressed structural gene mutations would
behave like an enzyme-deficient cell and would be elimi-
nated from the population in extended cultures. This may
explain why there was a maximum effect of TPA 2 days after
UV irradiation and a subsequent reduction. The reduction
of the recovery of induced ouabain-resistant mutants 3.5
days after UV irradiation could be the result of a selection
disadvantage of the mutants with altered, but funtional,
Nat*-K*-ATPase.
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For 6-thioguanine resistance mutation, we observed that
TPA consistently increased UV-induced mutations but not
nonirradiated cells (preliminary results). This inconsistent
effect of TPA on nonirradiated cells could conceivably be
due to cell population differences. This seems to be sup-
ported by the results in Table 5. The differential response to
TPA of the 2 populations of cells tested was due to the
previous initiation treatment with the mutagen (i.e., UV
light). This ability to respond to TPA treatment persisted for
at least 18 days in serially propagated cultures. This seems
to be a fairly important observation, since one might have
predicted that the only difference to be found in these 2
populations of cells would be their intrinsic mutation fre-
quencies.

A similar effect of TPA on non-mutagen-treated cells was
reported in mouse 3T3 cells for phenotypic expression of
transformation (27). The increasing effect of TPA on the re-
covery of 6-thioguanine-resistant mutants is understandable
by assuming that gene repression rather than gene activa-
tion by the promoter occurred, since it is the nonfunction of
the gene for hypoxanthine-guanine phosphoribosyltrans-
ferase that contributes to mutant resistance to 6-thioguan-
ine (Chart 2B). Since the hypoxanthine-guanine phosphori-
bosyltransferase is not required for cell survival, the mutant
should be able to survive in normal medium for extended
periods.

On the basis that TPA does not induce DNA damage (24),
the mechanism by which it affects mutation expression may
involve cellular components besides DNA (25). In addition
to its slight inhibition of DNA synthesis, TPA has been
reported to interact with cell membranes (18, 33) and to
stimulate phospholipid and histone metabolism (3, 26).
Moreover, it is known to alter 3',5'-cyclic guanosine mono-
phosphate metabolism (13, 32), which might, in turn, lead
to higher mitotic activity in certain tissues. These effects on
membranes and chromatin might play an important role in
determining gene activity. Evidence that TPA might be a
gene modulator has been shown by Wigler and Weinstein
(34) who demonstrated that TPA induced a plasminogen
activator. Since our data clearly indicate that TPA is not
mutagenic, the phenotypic change from ouabain and 6-
thioguanine sensitivity to resistance must reflect gene acti-
vation and repression.

This explanation is consistent with the specific timing of
the TPA effect on the recovery of UV-induced, ouabain-
resistant mutations. The hypothesis is also supported by the
observation that TPA increased the recovery of 6-thioguan-
ine-resistant colonies at a time when the induced mutations
were not expressed in non-TPA-treated cells (2 days after
UV irradiation; Table 4). Evidence for the existence of non-
structural gene mutation at the hypoxanthine-guanine
phosphoribosyl-transferase locus has been reported (4, 11,
29).

The results of our experiments showed that phorbol also
increases the recovery of induced mutations, although not
as pronounced as with TPA. This may be explained by the
partial conversion of phorbol to an active form in vitro or
active contaminants left in the synthesis of phorbol. The
evidence indicating that there can be metabolic conversion
of the phorbol to an active form (1, 2) may support the
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interpretation that Chinese hamster cells can metabolically
activate phorbol.

The concepts of tumor initiation and promotion were
formulated in the 2-stage theory of carcinogenesis to ac-
count for the observations on the phenomenological level
that tumors would appear months or years after the expo-
sure of mouse skin to a carcinogen if a particular noncar-
cinogen (croton oil) was applied. Based on our results,
together with those that demonstrated a 2-stage phenome-
non in chemical carcinogen and UV-induced in vitro trans-
formation of rat embryo (19) and C3H mouse fibroblasts
after TPA treatment (21, 22), we have designated mutagene-
sis to be responsible for initiation and an epigenetic mecha-
nism to be responsible for promotion. The results also
indicate that the ouabain and 6-thioguanine mutation assay
procedures used in our experiments to detect TPA effect
might also be used for screening of suspected tumor pro-
moters.
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