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ABSTRACT

Phorbol ester-induced promotion of initiated NMRI mouse skin ker-
atinocytes to papillomas could be largely prevented when nicotinamide-
like inhibitors of poly(ADP-ribose)polymerase (nicotinamide, benzamide,
3-aminobenzamide) were applied simultaneously with 12-O-tetradeca-
noylphorbol-13-acetate(TPA). A similar suppression of tumor promotion
by nicotinamide analogues was demonstrated in clone 41 JB6 epidermal
cells which are promotable by TPA to anchorage-independent growth.
The antipromotion effect of nicotinamide analogues, however, does not
appear to come about by an inhibition of poly(ADP-ribose)polymerase.
Acid analogues of nicotinamide, such as benzoic acid or 3-aminobenzoic
acid which do not inhibit the polymerase, showed antipromotion activity
similar to that of their corresponding amides. It could also be ruled out
that these antipromoters mediate their effect on keratinocytes by a
cytostatic action, by scavenging the promoter TPA in a chemical reaction,
or by inhibiting protein kinase C. In initiated mouse skin, nicotinamide
analogues strongly suppressed TPA-induced accumulation of inflamma
tory cells and vascular permeability, while epidermal hyperplasia was
not significantly affected.

INTRODUCTION

Tumorigenesis is thought to involve at least two steps, initi
ation and promotion. Initiation is an irreversible, genetic alter
ation of cells that can be induced by a subthreshold dose of a
complete carcinogen which per se does not provoke tumors.
For tumors to develop from initiated cells, repeated treatment
with a tumor promoter is required. This promotional event
appears to be epigenetic, giving rise to new phenotypes which,
in the presence of TPA,J can overcome normal growth control

and which, after clonal expansion and a conversion step, ulti
mately produce tumors (1).

One of the most effective tumor promoters is TPA (2). It
binds to protein kinase C (EC 2.7.1.37) with concomitant
activation and translocation of the enzyme to the plasma mem
brane and subsequent multiple biochemical responses (3, 4).
Among other effects, TPA induces in skin epidermal hyperpla
sia and inflammation, which are thought to relate to tumor
promotion (5). It has also been suggested that reactive oxygen
species are involved in TPA-induced promotion, since H2O2
which can also derive from the dismutation of Superoxide
anions (O2") is a tumor promoter (6). Reactive oxygen deriva
tives provoke DNA fragmentation (7, 8) and poly(ADP-ribo-
syl)ation of nuclear proteins (8-11). In the course of experi
ments concerned with the effect of granulocyte-derived O2"
radicals on cocultivated fibroblasts, we had observed that 3-
aminobenzamide, a known inhibitor of poly(ADP-ribose)-
polymerase (EC 2.4.2.30) (12), conferred a marked protection
on the fibroblasts (9). In trying to understand what part ADP-
ribosylation might play in tumor promotion, we analyzed the
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influence of ADP-ribosylation inhibitors in two tumor promo
tion models, promotion of JB6 C141 epidermal cells (13) as
well as two-stage tumorigenesis in mouse skin.

MATERIALS AND METHODS

Chemicals. DMBA, TPA, 3-aminobenzamide, and 3-aminobenzoic
acid were purchased from Sigma (Deisenhofen, Federal Republic of
Germany). Nicotinamide, benzamide, benzoic acid, and all other re
agents were from Merck (Darmstadt, Federal Republic of Germany).

Animals. Two- to 13-wk-old female NMRI mice were obtained from
the Zentralinstitut fÃ¼rTierzuecht (Hannover, Federal Republic of Ger
many) and were kept at 20 animals per cage at 22 Â±2Â°Cwith Altromin

standard food (Altromin, Lage, Federal Republic of Germany) ad
libitum.

In Vivo Promotion. For production of papillomas (cf. Ref. 14), l wk
prior to treatment the backs of the animals were shaved with laboratory
clippers. Fifty nmol of DMBA in 0.2 ml of acetone were applied once
dorsally. One wk later, the animals were subjected to topical treatment
twice weekly with 3.2 nmol of TPA or TPA + 30 umo\ of nicotinamide
or analogue in 0.2 ml of acetone except where otherwise indicated.
Control animals received 0.2 ml of acetone. Each experimental group
consisted of 20 animals.

Light Microscopy. Mice were sacrificed and skin fragments (1 to 2
cm2) were removed, stretched on cork, and fixed in buffered 10%
formalin. The samples were stored at 4"C. Dehydration, paraffin

embedding, and sectioning were performed following standard proce
dures. Five-jim sections were stained with hematoxylin:eosin.

Cell Cultures. Promotable mouse epidermal clone 41 JB6 cells were
a generous gift of Dr. N. Colburn (National Cancer Institute, Frederick,
MD). They were grown in Dulbecco's modified minimal essential

medium (Boehringer Mannheim, Federal Republic of Germany) sup
plemented with 10% fetal calf serum and antibiotics.

in Vitro Promotion. Determination of anchorage-independent growth
was performed as described by Takahashi et al. (15). One x IO3cells

were suspended in 0.33% agar medium and layered on 0.5% bottom
agar in plates with 12 wells (Becton Dickinson). Cells were refed weekly.
Anchorage-independent growth was determined after 14 days by count
ing the cell clusters containing more than 6 cells. Nicotinamide ana
logue including the neutralized acids were dissolved in PBS.

Cell Proliferation. The increase in cell number was determined during
the 3 days after seeding 5 x 10' cells/well (24 well-plates; 1 ml of

medium/well). Medium was changed 1 day after seeding, and TPA
and/or analogues were added. Colony-forming ability on a solid surface
was analyzed after seeding 200 cells in 6-cm Petri dishes. Substances
were added after 24 h without a change of medium. After 4 to 5 days,
cells were stained with Giemsa, and colonies (>10 cells) were counted.

('''ClThymidine Incorporation. Cell suspensions (1 ml, 1 x IO5cells)

were seeded in plates with 24 wells. Medium was changed after 24 h,
and TPA (dissolved in acetone) was added to a final concentration of
10 nmol, and nicotinamide analogues dissolved in PBS were added to
yield 2 mM concentrations. Cultures were incubated for 24 h and then
harvested. Two h prior to the end of a 24-h incubation period, 0.2 uCi
of ['4C]thymidine (51.0 mCi/mmol; New England Nuclear) were added.

After 2 h, the medium was removed, and the cells were washed twice
with PBS, harvested, and precipitated with 5% (w/w) trichloroacetic
acid. After centrifugation, the pellet was washed with methanol and
dissolved in 0.2 M NaOH. One half was used for 14Cdetermination,

and the other for DNA quantitation which was performed according to
the method described in Ref. 16 with the following modifications. Cell
pellets were dissolved in 150 p\ of 0.2 M NaOH. Seventy-five n\ of an
aqueous solution of 3,5-diaminobenzoic acid (400 mg/ml) were added.
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The mixture was incubated at 60Â°Cfor 1 h, and the reaction was

stopped with 2 ml of l M HC1.
Protein Kinase C. Activity was determined according to Ref. 17,

using histone (HIS; Sigma, St. Louis, MO) as a substrate. A partially
purified enzyme preparation from rat brain (17) or from JB6 C141
keratinocytes according to Ref. 18 was applied to determine IC5ovalues
of the nicotinamide analogues.

Binding of ('H)phorbol dibutyrate to intact cells was assayed essen

tially as described in Ref. 19.

RESULTS

Suppression of Keratinocyte Promotion in Vitro and in Vivo by
Inhibitors of Poly(ADP-ribose)polymerase

Clone 41 JB6 mouse keratinocytes (P+ cells) can be promoted

in vitro to anchorage-independent growth and tumor formation
in nude mice by sustained treatment with TP A (13, 15). When
such cells were exposed to TPA in the presence of benzamide,
concentration-dependent suppression of anchorage-independ
ent growth was observed (Fig. 1). Similar effects were obtained
with 3-aminobenzamide, another inhibitor of nuclear
poly(ADP-ribosyl)ation (12).

These findings led us to test the efficiency of these inhibitors
in two-stage tumorigenesis of mouse skin. NMRI mice initiated
with a subthreshold dose of DMBA were treated twice weekly
with TPA Â±3-aminobenzamide. All animals in the TPA groups
developed epidermal papillomas within 25 wk (Fig. 2). Tumors
appeared earlier in older animals, while tumor yield was less
than in younger animals (Fig. 2, C and D versus A and B). This
may relate to an age-dependent difference in TPA responsive
ness (20). In both groups, however, the onset of tumor forma
tion was retarded by about 10 wk, when the mice were treated
with TPA and 3-aminobenzamide. Furthermore, the average
number of papillomas per mouse (tumor yield) was less than
10% of the TPA group at wk 20, and still only about one-third
or less after 35 wk of treatment, at which time tumor formation
had leveled off. The amide protected nearly half of the mice
from developing any tumor. These animals remained free of
papillomas even after 8 mo of treatment.

Other inhibitors of poly(ADP-ribose)polymerase like nicotin
amide (21) or benzamide (12) also suppressed TPA-promoted
papilloma formation (see below). The effect of benzamide was
dose dependent. It was seen already with doses one-tenth to
one-third ofthat of the standard dose (not shown).

Studies Related to the Mechanism of Action of Nicotinamide
Analogues

Although the antipromoters mentioned above are all potent
inhibitors of poly(ADP-ribose)polymerase (12, 21, 22), their

100-^
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Fig. I. TPA-induced anchorage-independent growth of JB6 clone 41 cells and

dose-dependent inhibition by benzamide. Colony formation was analyzed as
described in "Materials and Methods." Values are expressed as the percentage of

the colony number obtained with 10 nM TPA alone (257 Â±31). Poinls. mean of
three determinations.
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Fig. 2. Suppression of tumor promotion in initiated mouse skin by 3-amino
benzamide. The figure shows two independent experiments. Mice at the age of 4
wk (A, B) or 10 wk (C, D) were initiated with DMBA and treated twice weekly
with 16.2 nmol of TPA (A. B) or 3.2 nmol of TPA (C, lÃ¬).In both experiments,
the dose of 3-aminobenzamide (Abam) was 30 nmol per mouse. Tumor yield,
average number of papillomas per mouse; tumor rate, percentage of tumor bearers
in the group. All animals survived the treatments.

scavenging effect does not seem to relate to their interaction
with this enzyme. The following data are in support of this
view, (a) The efficiency of nicotinamides analogue as antiprom
oters was compared with their efficiency as inhibitors of
poly(ADP-ribose)polymerase (Table 1). Although their K, val
ues differed by a factor of nearly ten, their potency to suppress
papilloma formation was quite similar, (b) Closely related acids,
like benzoic acid or 3-aminobenzoic acid, are not inhibitors of
poly(ADP-ribose)polymerase. Yet, when applied together with
TPA, they also showed a marked suppression of tumor forma
tion, the extent of which was in the range of the amides (Fig.
3). The antipromoting potential of the acids could also be
demonstrated in the in vitro system of clone 41 keratinocytes
(Fig. 4). They suppressed TPA-induced anchorage-independent
growth with efficiency similar to that of the corresponding
amides.

In a search for other explanations, we considered the follow
ing mechanisms.

Antipromotion by Scavenging of TPA. Elimination of the
promoter by a chemical reaction or by stimulation of TPA
degradation could be excluded by experiments presented in
Table 2. Although nicotinamide analogues reduced TPA-in
duced promotion, they did not interfere with another effect of
TPA, namely, the stimulation of ['4C]thymidine uptake and

incorporation into DNA (Table 2). Similarly, the hyperplasia
in mouse skin as induced by TPA treatment was not prevented
by such benzamide concentrations that led to a strong reduction
of papilloma formation, as shown below (Fig. 5).

Antipromotion by Inhibition of Protein Kinase C. Although
the data presented in the preceding paragraph render an action
of nicotinamide analogues on protein kinase C activity an
unlikely step in their antipromoting action, we analyzed the
influence of these compounds on purified protein kinase C
preparations. It was found that nicotinamide or benzamide
could inhibit partially purified kinase from bovine brain or from
clone 41 cells in a dose-dependent manner. However, concen-
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Table 1 Suppression of TPA-induced tumor promotion in initiated skin ofNMRI mice by inhibitors of the nuclear enzyme poly(ADP-ribose)polymerase
The animals were initiated with DMBA and subsequently treated with 3.2 nmol (in one experiment with 3-aminobenzamide. 16.2 nmol) of TPA or with TPA and

30 nmol of inhibitor (nicotinamide. 41 /.moll Mean values from the plateau were reached after 30 wk of treatment. The A'Â¡values of poly(ADP-ribose)polymerase

inhibitors were taken from Ref. 12. All animals except one were alive at the end of the experiments.

Papillomas/mouseTPA

TPATPATPATreatment+benzamide+

3-aminobenzamide
+ nicotinamideÂ«4

23Mean

Â±SD10.8

Â±2.4
3.2 Â±0.84.0

Â±2.3
6.5%100

3037

60Mice

bearing
papillomas(%)100

615450Inhibition

of poly(ADP-ri-
bose)polymerase (relative

IC,â€ž)1.01.79.6

10 20 30

WEEKS

20 30

Fig. 3. Inhibition of TPA-induced tumor formation in initiated mouse skin by
acid analogues of nicotinamide. Mice were initiated with DMBA and treated with
3.2 nmol of TPA (â€¢)or with TPA and 30 nmol of analogue (O). For a detailed
description, see "Materials and Methods." The experiments with benzamide
(Bam) and 3-aminobenzoic acid (Abac) were performed with 10-wk-old mice.
The data presented in E and F were obtained with mice at the age of 14 wk. The
relatively small retardation by benzoic acid (Bac) of the onset of papilloma
formation may relate to the age of the animals used in this peculiar experiment
rather than to a specific action of benzoic acid. A, C, and E, tumor yield
(papillomas/mouse): B. D, and F. tumor rate (tumor bearers/group).
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(mM)
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Fig. 4. Influence of increasing concentrations of benzoate on cell proliferation
versus promotion to anchorage-independent growth of JB6 cells. For cell prolif
eration (B), cells were seeded in 24-well plates in a density of 5 x IO3. After 1

day the medium was changed, and TPA was added with or without increasing
amounts of benzoate. The increase in cell number was determined after 3 days.
Values are expressed as the percentage of control (TPA alone). For anchorage-
independent growth (A), colony formation was determined as described in "Ma
terials and Methods." Values are expressed as the percentage of the colony

number obtained with TPA alone.

trations that lead to 50% inhibition of JB6 cell promotion had
a negligible effect on protein kinase C. IC50values for inhibition
of protein kinase C were in the range of >15 mM (not shown).

Table 2 Effect of nicotinamide analogues and their acid derivatives on
{"CJthymidine incorporation in JC6 clone 41 keratinocytes

Cells were plated at 1.2 x 10' in 24-well plates with 1 ml of medium per well.

They were allowed to grow for 1 day and then treated as indicated for 24 h.
Concentrations were 10 nmol for TPA and 2 mmol for the nicotinamide ana
logues. Controls were run with acetone alone. The inhibitors were applied after
dissolution in PBS. In the case of the acid analogues, the pH was adjusted to 7.2.
Thymidine incorporation was determined by adding 0.2 /jCi of [MC)thymidine
per well 2 h prior to harvest after a 24-h period of treatment and processed as
described in "Materials and Methods."

Additions

|'4C]Thymidine incorporation

(relative specific radioactivity
of DNA. l day)

NoneBenzamide3-AminobenzamideBenzoic

acid3-Aminobenzoic
acidTPATPA

+benzamideTPA
+3-aminobenzamideTPA
+ benzoicacidTPA
+ 3-aminobenzoic acid100

Â±11"89

Â±582
Â±383

Â±983
Â±8133

Â±18155
Â±4155
Â±4147

Â±10147
Â±6"

Mean Â±SD from three wells each.

Furthermore, the acid analogues, as effective as antipromoters
as the amides, were still much less efficient in suppressing
protein kinase C, exhibiting IC50 values >40 mmol.

Apparently, there was also no interference with the interac
tion of TPA and protein kinase C. When pHJphorbol dibutyrate
binding to intact JB6 clone 41 cells was analyzed in the presence
of increasing concentrations of nicotinamide analogues up to
10 HIM concentrations, no displacement of the phorbol ester
was seen.

Antipromotion by Cytostasis. Inhibition of cell proliferation
could be a mechanism to retard anchorage-independent colony
formation as well as the development of papilloma in mouse
skin. When we analyzed [l4C]thymidine incorporation into JB6

clone 41 DNA or cell multiplication after 1 day of exposure to
2 mM nicotinamide analogues, no significant suppression of
these parameters was observed as already discussed (Table 2).
We also compared concentration-dependent inhibition of pro
liferation in the presence or absence of TPA after 3 days ^60-
fold multiplication) with the inhibition of JB6 cell promotion
to anchorage-independent growth. Benzoate inhibited JB6 cell
promotion at lower concentrations than JB6 cell proliferation
(Fig. 4). Inhibition by benzamide occurred at a similar concen
tration range in both systems (Table 3). However, it is important
to note that, in spite of similar IC50 values, inhibition of
proliferation cannot explain the effect on promotion. Since cell
clusters of >6 are counted as a colony, proliferation had to be
inhibited >99% for 14 days in order to interfere with "colony
formation" as defined above [assuming half the mean doubling

time ofthat of monolayer cultures (= 11 Â±1 h)].
This interpretation was further supported by experiments in

which the proliferative capacity was determined by analyzing
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Fig. 5. HistolÃ³gica! changes in mouse skin treated for 24 h with TPA versus
TPA and benzamide. A, controls (vehicle only). Treatment with 30 /imol of
benzamide alone did not lead to any changes of normal skin morphology. //.
treatment with 3.2 nmol of TPA. C, treatment with TPA and 30 /imol of
benzamide. Twenty-four h after treatment, mice were sacrificed, and skin speci
mens were fixed and stained as described in "Materials and Methods." Treatment

with TPA or TPA plus benzamide induced both a distinct reactive hyperplasia of
the epidermis and enlargement of keratinocytes with intracellular edema. Broad
ening of stratum spinosum and, to a lesser degree, of stratum corneum was also
encountered. A to C, x 250.

colony-forming ability of JB6 cells on solid surfaces. Under
these conditions, no inhibition at all was seen with benzamide
or 3-aminobenzamide up to 5 to 10 mM concentrations.

A basically similar phenomenon was observed in vivo. When
mouse skin was analyzed 24 h after treatment with TPA, a

Table 3 Inhibition of cell proliferation and promotion to anchorage-independent
growth by benzamide versus ben:oic acid

Cell proliferation (increase in cell numbers per well during 3 days) was analyzed
in the presence and absence of 10 nM TPA with increasing concentrations of
benzamide or benzoate. For details, see "Materials and Methods." Promotion

was analyzed as described there also.

IC,o values(HIM)ParameterProliferation

-TPA
+TPAPromotionBenzamide4.9

Â±0.8Â°

3.4 Â±0.53.0

Â±1.6Benzoate5.3

Â±2.0
5.1Â±0.62.9

Â±1.3
" Mean Â±SD from 4 independent experiments.

marked hyperplasia of the epidermal cell layer was observed
(Fig. 5). The hyperplasia was not significantly altered by the
concomitant application of benzamide (Fig. 5C). TPA-induced
hyperplasia was also seen in the experimental groups after 36
wk of treatment with TPA (Fig. 6). Again, the concomitant
application of benzamide did not reduce the hyperproliferation,
while it markedly suppressed papilloma formation (cf. Fig. 3).
These data therefore render cytostasis an unlikely explanation
of the antitumor effect of nicotinamide and its analogues.

Specific Inhibition of Inflammation by Nicotinamide-Type Anti-
promoters

TPA-induced hyperplasia was not affected to a significant
degree by the concomitant application of nicotinamide ana
logues, as discussed above (Figs. 5 and 6). In clear contrast, the
characteristic signs of TPA-induced inflammation, such as in
tradermal infiltration of granulocytes, lymphocytes, plasma
cells, and macrophages, were not observed, or only to a small
extent, in the animals receiving TPA in combination with
3-aminobenzamide or acid analogues (Figs. 6 and 7). TPA-
induced vascular dilation, hyperemia, and perivascular infiltra
tion of noncorpuscular blood constituents were also suppressed
by 3-aminobenzoic acid (not shown).

DISCUSSION

A possible involvement of ADP-ribosylation in tumor pro
motion was suggested by a recent report on an increased
poly(ADP-ribosyl)ation in fibroblasts treated with TPA (10).
Furthermore, when 3T3 cells were cocultivated with granulo
cytes stimulated by TPA to produce O2 radicals, they showed
DNA fragmentation and activation of nuclear poly(ADP-ribo-
syl)ation (9). In addition, the partial loss of cell viability could
be overcome by coapplication of the ADP-ribosylation inhibi
tor, 3-aminobenzamide (9).

When we applied different inhibitors at concentrations lead
ing to a nearly complete suppression of the enzyme poly(ADP-
ribose)polymerase in intact cells (cf. Refs. 12, 21, and 22),
tumor promotion was indeed largely prevented in vivo and in
vitro. Yet, it is very unlikely that the antipromotion effect of
the nicotinamide analogues is mediated by an inhibition of
nuclear ADP-ribosylation. Concerning the amides, there was
no correlation of antipromoting activity and enzyme inhibition;
in addition, acid analogues of nicotinamide which are nonin-
hibitory to poly(ADP-ribose)polymerase proved to be as effi
cient in suppressing promotion as the corresponding amides.

So far, the mechanism of action of this class of antipromoters
could not be elucidated. Evidence was presented, though, that
antipromotion comes about by neither a cytostatic effect nor
interference with TPA-induced protein kinase C activation. The
increased uptake of thymidine in response to TPA was not
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Fig. 6. Hyperplasia of initiated mouse skin
after long-term treatment with TPA versus
TPA plus benzamide. A, skin treated for 36 wk
with 3.2 nmol TPA showing distinct epidermal
hyperplasia associated with an inflammatory
infiltration in the dermis. B, treatment (36 wk)
with 3.2 nmol of TPA plus 30 iimol of benza
mide. Again distinct reactive hyperplasia ap
peared. A and fi, x 250. Controls (vehicle only)
had the same appearance as shown in Fig. 41.
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Fig. 7. Influence of benzamide on TPA-in-
duced inflammation. Details of Fig. 5 with
higher magnification of the dermal tissue dem
onstrating the marked inflammation induced
by TPA (A) and the almost complete absence
of the inflammatory response in the skin of
animals treated with TPA plus benzamide (B).
A and fi, x 400. cf. also Figs. 4 and 5.

â€¢¿�WT^tÃ³-y ' Rr.Ti/ '^ ;-.?-â€¢Ã¶

/" r*/V>!/'- >
' l*"M*'**'*â€¢**

y-TÃ•* *â€¢* .'

*Â»' '' I't

abolished by the nicotinamide analogues, and purified protein
kinase C was not inhibited by antipromoting concentrations of
these compounds. Reactive oxygen species have been implicated
in tumor promotion (6). However, it is unlikely that the nico
tinamide analogues function as direct scavengers of O2 as they
do not interfere with O2T (and H2O2) formation in TPA-stim-
ulated granulocytes except at very high concentrations.4 The
ICso values of the amides with respect to O2' production are

about 10 times higher than the concentrations used here for
effective antipromotion. Furthermore, the acid analogues did
not inhibit O2 production.5

The understanding of the mechanism of action of nicotina-

4 Unpublished observations.
*Unpublished data.

mide analogues is complicated by the fact that TPA-mediated
activation of protein kinase C induces a plethora of cellular
reactions (4) and that TPA may provoke cellular responses not
involving protein kinase C activation (23).

An additional result of the present study concerns the TPA-
induced inflammation of mouse skin as expressed by the infil
tration of granulocytes/phagocytic cells and lymphocytes, and
by an increased vascular permeability (edema formation). Nic
otinamide and its analogues, including the acids, markedly
suppressed this response to the promoter. It remains to be
determined whether they inhibit locomotion of the inflamma
tory cells or interfere with the formation, or transduction, of
chemotactic signals. Certainly, arachidonic acid metabolism
could be one of the possible targets (5).

Inhibition of TPA-induced inflammation without interfer-
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enee with hyperproliferation seems to be an interesting property
of nicotinamide analogues since antipromoting agents like
steroids counteract both inflammation and hyperplasia (5). Our
data are thus consistent with the interpretation that the inflam
matory response to TPA treatment plays an indispensible role
in skin tumor promotion.
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