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Tumor promoter phorbol-12-myristate-13-acetate induces

poly(ADP)-ribosylation in fibroblasts
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The tumor promoter phorbol-12-myristate-13-acetate (PMA)
causes an increase in poly(ADP)-ribosylation in mouse and
human fibroblasts via the intermediate formation of active
oxygen. In contrast to poly(ADP)-ribosylation induced by the
methylating agent N-methyl-N'-nitro-N-nitrosoguanidine, de
novo RNA and protein synthesis are required and the ac-
cumulation of the polymer occurs in the absence of detectable
DNA strand breakage. Our results suggest a mechanism for
PMA-induced modulation of chromatin structure and gene
expression.
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Introduction

Tumor promoters modulate the expression of growth- and
differentiation-related genes. Many promoters induce a cellular
prooxidant state, i.e., they increase the concentration of active
oxygen species (hydroxyl-, superoxide-, hydroperoxy-radicals,
singlet oxygen, hydrogen peroxide) (Cerutti, 1985). Therefore,
the question arises how active oxygen might affect gene expres-
sion. Poly(ADP)-ribosylation (ADPR) of chromosomal proteins
may represent a mechanism of regulation of gene expression by
active oxygen because it is intimately related to the redox state
of the cell, DNA strand breakage and chromatin conformation
(Hollenberg and Ghani, 1982; Uchigata et al., 1982; Purnell et
al., 1980; Mandel et al., 1982; Poirier et al., 1985). Evidence
for a role of ADPR in DNA repair (Jacobson et al., 1983;
Wielckens et al., 1983; Durkacz et al., 1980), cell differentia-
tion (Althaus ef al., 1982; Johnstone and Williams, 1982; Far-
zaneh et al., 1982) and malignant transformation (Kun et al.,
1983; Borek et al., 1984) has been obtained. We now report that
the potent mouse skin promoter phorbol-12-myristate-13-acetate
(PMA), which produces a prooxidant state in several cell types
(see Cerutti, 1985), increased poly(ADPR) levels via the inter-
mediacy of active oxygen in mouse embryo fibroblasts
C3H10T1/2 and human fibroblasts 3229. In contrast to simple
alkylating agents, maximal poly(ADPR) concentrations follow-
ing PMA treatment are reached only after a delay of 2—3 h.
Accumulation of poly(ADPR) occurs in the absence of detec-
table levels of DNA strand breaks, is prevented by anti-oxidants,
requires de novo protein and RNA synthesis and is not accom-
panied by a decrease in cellular NAD. We have shown previously
that PMA induces a very rapid increase in poly(ADPR) concen-
tration via the intermediacy of active oxygen in human blood
monocytes. Unlike fibroblasts these cells react to PMA treatment
with a massive oxidative burst and extensive DNA breakage
(Singh et al., 1985a).
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Results and Discussion

Rapidly growing monolayer cultures of human fibroblasts 3229
or mouse embryo fibroblasts C3H10T1/2 were treated with
25 ng/ml PMA, and the cellular concentration of poly(ADPR)
was determined by the fluorescence method of Jacobson et al.
(1984). Figure 1 shows that maximal poly(ADPR) levels were
reached in 3 h in 10T1/2 and 2 h in 3229 cells. The increase
in concentration was ~ 10-fold. Poly(ADPR) levels in 10T1/2
cells did not return completely to control values even after 14 h
incubation. For comparison, 10T1/2 cells were also treated with
the methylating agent N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG) which is known to induce poly(ADPR) synthesis with
high efficiency (Salinas ez al., 1979). Stimulation of poly(ADPR)
by 5 or 20 ug/ml MNNG was 7- and 33-fold, respectively, and
the maximum was reached already in 20 min. NAD represents
the substrate for poly(ADPR) synthesis. Figure 2 shows that the
stimulation of poly(ADPR) by 5 ug/ml MNNG resulted in a 35%
drop in cellular NAD within 45 min in general agreement with
results reported previously (Jacobson et al., 1980). In contrast,
NAD concentrations remained essentially constant between 140
and 150 nmol/108 cells from 20 min up to 5 h incubation with
PMA.

The results of experiments with inhibitors of macromolecular
synthesis are summarized in Table I for 10T1/2 cells. Analogous
results were obtained for human fibroblasts (Singh ez al., 1985b).
It is concluded that de novo RNA and protein synthesis are
necessary for the increase in poly(ADPR) levels caused by PMA.
With the exception of the slight inhibition exerted by a-amanitin
(p <0.200) the same drugs did not affect the stimulation of
poly(ADPR) by MNNG (note: actinomycin D at the concentra-
tion used did not inhibit ADP-ribosyl transferase in permeabilized
10T1/2 cells).

To obtain a measure of the total ADP-ribosyl transferase ac-
tivity present before and after PMA stimulation, 10T1/2 cells
were permeabilized (Jacobson et al., 1980) and treated with
DNase I (100 pg/ml) according to Berger et al. (1978). This treat-
ment induces a large number of DNA breaks and results in max-
imal stimulation of ADP-ribosyl transferase (Berger et al., 1978;
Benjamin and Gill, 1980). From the observation that poly(ADPR)
levels following DNase I treatment had increased 2-fold after 3 h
of PMA treatment, we conclude that ADP-ribosyl transferase has
been produced de novo or becomes more responsive to DNA
breaks caused by DNase I.

Inhibition of degradation instead of increased rates of synthesis
could result in the accumulation of poly(ADPR). To estimate
polymer half-life time (#;/2), 10T1/2 cells were exposed to PMA
for 180 min before the synthesis was inhibited by the addition
of 5 mM 3-aminobenzamide. Polymer levels decreased to a half-
maximal value within 2 min in agreement with values reported
in the literature for alkylating agents (Wielckens et al., 1982).
It is evident that PMA did not drastically increase polymer stabili-
ty in 10T1/2 cells. However, shorter 71/, values cannot readily
be determined by this method because the rate of cellular penetra-
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Fig. 1. Kinetics of poly(ADPR) accumulation in fibroblasts treated with PMA or MNNG. Intracellular content of poly(ADPR) following treatment of
fibroblasts wth PMA (25 ng/ml) and MNNG (136 uM). Each value is a mean of two separate experiments, each performed in duplicate. (A) Mouse embryo
fibroblasts C3H 10T1/2. (B) Human fibroblasts 3229. (A) Control; (A) 25 ng/ml PMA; (O) control; (M) 20 xg/ml MNNG; (@) 5 pg/ml MNNG.
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Fig. 2. Effect of PMA and MNNG on NAD concentrations in C3H10T1/2
cells. Concentrations of PMA (25 ng/ml) and MNNG (5 pg/ml) were used
which cause a comparable increase in the poly(ADPR) levels (see Figure 1).
The NAD concentrations were determined according to Jacobson and
Jacobson (1979). (A) control; (A) 25 ng/ml PMA; (@) 5 ug/ml MNNG.

tion of 3-aminobenzamide becomes limiting. Therefore, it is con-

ceivable that t;, increased from a lower value to 2 min upon
PMA treatment.
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Table I. Effects of inhibitors of RNA and protein synthesis on poly(ADPR)
levels in C3H 10T1/2 cells

Inhibitors PMA MNNG Poly(ADPR) % inhibition
- - - 92 £ 5.0 -
- + - 790 =+ 3.9 0
Actinomycin D + - 40.8 + 4.3 55
a-Amanitin + - 262 = 0.2 75
Cycloheximide + - 146 + 3.5 100
- - - 9.5 £ 3.1 -
- - + 315.2 £ 31.7 0
Actinomycin D - + 281.1 + 51.7 11
o-Amanitin - + 258.5 = 21.0 18
Cycloheximide - + 321.5 = 56.5 0

Mouse C3H 1051/2 cells were incubated with PMA (25 ng/ml) for 3 h or
MNNG (20 pg/ml) for 20 min and poly(ADPR) levels (pmol eRAdo/mg
DNA) were evaluated as described in Materials and methods.
Cycloheximide (5 pg/ml), a-amanitin (1 pg/ml), and actinomycin D

(2 pg/ml) were added 30 min prior to the treatment with MNNG or PMA.
Mean values with standard deviations of two experiments carried out in
duplicate are given.

Anti-oxidants should exert an inhibitory effect if the induction
of a cellular prooxidant state is necessary for the accumulation
of poly(ADPR) caused by PMA. Experiments with enzymes
which destroy active oxygen species, i.e, CuZn-superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-
P), and the diffusable anti-oxidant butylated-hydroxytoluene
(BHT) are summarized in Table II. It is evident that all these




Table II. Effect of anti-oxidants on the accumulation of poly(ADPR) in
PMA and MNNG-treated C3H 10T1/2 cells

Anti-oxidants PMA MNNG Poly(ADPR) % inhibition
- - - 92 + 5.0 -
- + - 790 + 3.9 0
SOD + - 16.0 + 4.8 90
CAT + - 207 £+ 5.4 83
GSH-P + - 170 £ 2.2 89
BHT + = 257 £ 11.9 76
Heated CAT + - 820 + 938 0
Heated GSH-P  + - 55.1 + 4.1 34
BSA + - 759 = 12.5 4
- - - 95 + 3.1 -
- - + 315.2 + 31.7 0
SOD - + 287.9 = 55.0 9
CAT - + 315.6 + 66.3 0
GSH-P - + 273.4 + 66.2 13

Mouse C3H 10T1/2 cells were pre-incubated for 30 min with the above
antioxidants SOD (25 pg/ml), CAT (50 pg/ml), GSH-P (0.3 xU/ml) or BHT
(10 uM) prior to the addition of PMA (25 ng/ml) or MNNG (20 pg/ml).
Poly(ADPR) levels (eRAdo pmol/mg DNA) were measured as described in
Materials and methods after 3 h of PMA treatment and 20 min for MNNG
treatment. Mean values with standard deviations of two experiments carried
out in duplicate are given.
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Fig. 3. Alkaline elution of DNA from PMA- and MNNG-treated
C3HI10T1/2 cells. Concentrations of PMA (25 ng/ml) and MNNG (5 pg/ml)
were used which cause a comparable increase in poly(ADPR) levels (see
Figure 1). Alkaline elution was carried out according to Kohn et al. (1976).
(), untreated control; (A), 25 ng/ml PMA; (®), 5 ug/ml MNNG.

anti-oxidants are potent inhibitors for the accumulation of
poly(ADPR) by PMA but not by MNNG. Heated CAT (boiling
for 5 min at pH 7.4) and GSH-P (heated for 2 h at 60°C at
pH 7.2 resulting in ~70% inactivation of the enzyme) had lost
most of their inhibitory capacity (note: heating of SOD does not
readily inactivate the enzyme). Bovine serum albumin showed
no protection. We conclude that active oxygen represents an in-
termediate in the accumulation of poly(ADPR)-induced by PMA.
The fact that the anti-oxidant enzymes exerted their effect upon
extracellular addition suggests that they act at the cell membranes
or in the culture medium but their metal co-factors may be
transported to the interior of the cell. In contrast, the induction
of poly(ADPR) synthesis by MNNG was not affected by the same
anti-oxidants.

PMA induces poly(ADP)-ribosylation in fibroblasts .

For cells treated with alkylating agents, ionizing radiation and
u.v. light the formation of DNA strand breaks by the damaging
agent or as a consequence of repair processes appears to be a
prerequisite for the stimulation of poly(ADPR) synthesis. In
analogy to ionizing radiation which causes DNA breaks by OH
radicals, active oxygen induced by PMA may introduce DNA
breakage. This is readily demonstrated for phagocytic leukocytes
(Birnboim, 1982), which produce a massive oxidative burst, but
is difficult to ascertain for other cell types. The alkaline elution
method (Kohn et al., 1976) and the alkaline unwinding assay
(Birnboim, 1982) were used to monitor DNA strand breakage.
Concentrations of the two agents were chosen which result in
the accumulation of comparable amounts of poly(ADPR) (see
Figure 1). As shown in Figure 3 for the former method, 25 ng/ml
PMA did not cause any measurable breakage. In contrast,
5 pg/ml MNNG induced extensive DNA breakage. Analogous
results were obtained by the alkaline unwinding assay (not
shown). The induction of a prooxidant state by PMA requires
active cellular metabolism and experiments have to be carried
out at 37°C, preferably in complete culture medium. Because
DNA breaks are very rapidly re-sealed under these conditions
we cannot expect large numbers of steady-state breaks as a con-
sequence of PMA treatment. However, even if a small number
of (undetectable) breaks were induced by PMA they may not
result in poly(ADPR) accumulation to the observed degree.

The major characteristics of poly(ADPR) accumulation induced
by PMA are: (i) maximal poly(ADPR) levels are reached only
after 23 h in contrast to MNNG for which a maximum is at-
tained in 20 min; (ii) the PMA-induced increase in poly(ADPR)
levels does not result in a decrease in the cellular NAD concen-
tration; (iii) de novo protein and RNA synthesis are required and
total poly(ADP)-ribosyl transferase activity increases only slight-
ly; (iv) antioxidants prevent the accumulation of poly(ADPR);
(v) there is no convincing evidence for the formation of DNA
breaks by PMA in fibroblasts. These characteristics clearly
distinguish the mechanisms leading to the increase in poly(ADPR)
levels by PMA and by the alkylating agent MNNG. They are
reminiscent of poly(ADPR) accumulation in starved Ehrlich
ascites cells (Wielckens et al., 1983) heat-shocked (Duran-Torres
et al., 1984) or picolinic acid-treated mouse cells, and glycerol-
treated HeLa cells (Kidwell and Purnell, 1983). In none of these
cases, which can be considered as different facets of cellular
stress, is there clear evidence that DNA breaks were required
for the augmentation of poly(ADPR) concentrations. However,
in view of the strong evidence from the literature that DNA con-
taining breaks represents an obligatory co-factor for the stimula-
tion of ADP-ribosyl transferase, it cannot be excluded that
accumulation of poly(ADPR) under these conditions is caused
by a very small number of breaks which are not detectable with
present technologies. If this is so the 2-fold enhancement in ADP-
ribosyl transferase activity in PMA-treated 10T1/2 cells could
suffice to account for the ~ 10-fold increase in poly (ADPR)
levels. Increased transferase activity may be an early sign of the
mitogenic effect of PMA as is the case for phytohemaglutinin
stimulated lymphocytes (Johnstone and Williams, 1982; Greer
and Kaplan, 1983). The following alternative mechanisms should
be considered. (i) PMA treatment includes an inhibitor of poly
(ADPR) breakdown which does not measurably increase
polymer half-life time within the limits of present methodology.
(ii) PMA induces conformational changes in DNA and chromatin
of fibroblasts (but no bona fide breaks) which result in the stimula-
tion of poly(ADPR)-transferase. Preliminary results indicate that
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several chromosomal proteins are poly(ADP)-ribosylated in
PMA-treated 10T1/2 cells (Singh and Cerutti, unpublished. Our
results suggest a mechanism for PMA-induced modulation of
chromatin structure and gene expression.

Materials and methods

Cell culture

Monolayer cultures of C3H10T1/2 mouse embryo fibroblasts were grown at 37°C
in Eagle’s basal medium supplemented with 10% heat-inactivated fetal calf serum.
Human fibroblasts obtained from newborn foreskin were grown under similar
conditions except that Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum was used.

Cell treatment

The cells were treated in complete medium containing serum with PMA (25ng/ml)
from a stock solution in acetone or MNNG (5 or 20 pug/ml), in dimethyl sulphoxide,
respectively. Controls received an equal amount of acetone (final concentration
0.025%) or dimethy! sulphoxide (final concentration 0.015%). At the indicated
times of treatment the cultures were chilled, the medium removed and the cells
precipitated with 20% trichloroacetic acid (TCA). Acid-insoluble material was
scraped from the dish with a rubber policeman, transferred to a centrifuge tube
and collected by centrifugation at 800 g for 10 min. The pellet was washed twice
with ice-cold 20% TCA and twice with diethyl ether, dried and stored at —20°C
until further analysis.

Poly(ADP-ribose) estimation

Polymer levels were determined by the method of Jacobson ef al. (1984). The
poly(ADP)-ribose contained in the acid-insoluble material was purified by
dihydroxy-boryl-Sepharose affinity chromatography and digested to nucleosides
with snake venom phosphodiesterase and bacterial alkaline phosphatase. The
nucleosides were treated with chloroacetaldehyde to form the fluorescent derivative
1,Né-ethenoribosy! adenosine (eRAdo). eRAdo was separated by h.p.l.c. and quan-
tified by fluorescence determination. Recovery controls were routinely perform-
ed by running *H-labelled poly(ADPR) through the identical protocol. Poly(ADPR)
concentrations are expressed as pmol eRAdo/mg DNA. The method of Fiszer-
Szafarz et al. (1981) was used for DNA estimation.
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