
[CANCER RESEARCH 53. 1012-1016. March I. 19931

Absence of Synergistic Effects on l\imor Promotion in CD-I Mouse Skin by

Simultaneous Applications of Two Different Types of Tumor Promoters,
Okadaic Acid and Teleocidin1

Musami Suganuma, Jun Yatsunami, Seiji Yoshizawa, Sachiko Okabe, and Hirota Fujiki2

Cancer Prevention Division, National Cancer Center Research Institute. Tsukiji 5-1-1. Chito-ku. Tokyo 104, Japan

ABSTRACT

Okadaic acid, a specific inhibitor of protein phosphatases 1 and 2A, and
teleocidin, an activator of protein kinase C, are both potent tumor pro
moters on mouse skin. The effects of simultaneous treatment of the two
different types of tumor promoters on tumor promotion as well as on their
biochemical activities were studied. Three independent experiments with
different doses of tumor promoters revealed that simultaneous repeated
applications of okadaic acid and teleocidin did not induce any synergistic
or additive effects on tumor promotion in mouse skin initiated with 7,12-

dimethylbenzla (anthracene (DMBA). In Experiment 1, the group treated
with a single application of DMBA, followed by repeated applications of
1.0 Mg(1.2 nmol) okadaic acid and 2.5 fig (5.7 nmol) teleocidin, resulted in
64.3% tumor-bearing mice at week 20. But the groups treated with DMBA

plus okadaic acid or DMBA plus teleocidin gave 73.3% and 71.4%, re
spectively. The biochemical activities were studied by means of induction
of ornithine decarboxylase in mouse skin and protein phosphorylation in
the cells. Simultaneous application of okadaic acid at three different doses
with teleocidin did not induce ornithine decarboxylase activity synergis-

tically or additively. Phosphorylation of proteins, cytokeratins, or heat
shock protein 27 was not synergistically increased in human keratinocytes
treated with okadaic acid and teleocidin, although the cotreatment in a
cell-free system synergistically increased protein phosphorylation. Thus,

the absence of synergistic effects on tumor promotion in mouse skin was
also confirmed in two systems, induction of ornithine decarboxylase in
mouse skin and protein phosphorylation in human keratinocytes. The
effect of cotreatment of okadaic acid and teleocidin is discussed at the
molecular level.

INTRODUCTION

Okadaic acid and teleocidin, a TPA1 type, are both potent tumor

promoters on mouse skin initiated with DMBA (1. 2). The DNAs
isolated from tumors contain the same mutation in the c-Ha-ra.v gene,

irrespective of the mechanisms of action of the tumor promoters (3).
Thus, both tumor promoters induce the clonal expansion of the initi
ated cells and development of papillomas. through either the okadaic
acid pathway or the PKC pathway (4). Okadaic acid is an inhibitor of
PP-1 and PP-2A (5, 6), whereas teleocidin is an activator of PKC (2).

Both types of tumor promoters induce the phosphorylation of proteins
that act on a signal transduction pathway and subsequently induce
gene expression of the AP-1 complex, following different time courses
in the cells (7-9). If c-fos and c-jun gene expressions are partly
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induced through a common pathway for both tumor promoters, it
would be interesting to examine whether simultaneous applications of
okadaic acid with teleocidin induce synergistic or additive effects on
tumor promotion. The study of simultaneous treatment with two dif
ferent types of tu mor promoters will increase our understanding of the
mechanisms of tumor promotion.

We demonstrate that simultaneous repeated applications of okadaic
acid with teleocidin did not induce any synergistic or additive effects
on tumor promotion in mouse skin initiated with DMBA in three
independent experiments with different doses of tumor promoters.
Treatment of 35-methylokadaic acid with teleocidin also did not in

crease protein phosphorylation in human keratinocytes immortalized
by human papilloma virus type 16. PHK 16-1 cells, synergistically or

additively. Rather, it seemed that hyperphosphorylation of cytoker
atins induced by 35-methylokadaic acid was inhibited and retarded by

teleocidin. These results suggest that the okadaic acid pathway and the
PKC pathway interact with each other in some processes of signal
transduction. which might be essential processes for tumor promotion.

MATERIALS AND METHODS

Materials

Okadaic acid and 35-methylokadaic acid were isolated from a black sponge.

Halichondriti okadai. as previously described (10). Teleocidin was isolated
from Streptomyces mediocidicus (2). DMBA was purchased from Sigma
Chemical Co. (St. Louis, MO). 12PÂ¡(370 MBq/ml) was obtained from Amer-
sham (Buckinghamshire, England) and D.L-[l-'4C]ornithine monohydrochlo-

ride (1.86 GBq/mmol) was from New England Nuclear (Boston. MA).

Animals

Female CD-I mice were purchased from the Japanese Charles River Co.,

Ltd. (Kanagawa, Japan).

Two-Stage Carcinogenesis Experiments on Mouse Skin

Three experiments, each with different doses of okadaic acid and teleocidin,
were carried out.

Experiment 1. Initiation was achieved by a single application of 100 ug
DMBA dissolved in 0.1 ml of acetone to the skin of the backs of 8-week-old

mice. From I week after initiation. 1.0 ug (1.2 nmol) okadaic acid and 2.5 ug
(5.7 nmol) teleocidin dissolved in O.I ml of acetone were applied to the
initiated area of the mice, twice a week, until week 20. Two control groups
treated with DMBA plus okadaic acid (1.0 (jg) or DMBA plus teleocidin (2.5
ug) were also observed.

Experiment 2. From 1 week after initiation, 0.1 (ig (0.12 nmol) okadaic
acid and 0.25 ug (0.57 nmol) teleocidin dissolved in O.I ml of acetone were
applied twice a week.

Experiment 3. From 1 week after initiation. 1.0 ug ( 1.2 nmol ) okadaic acid
and 0.25 ug (0.57 nmol) teleocidin were simultaneously applied twice a week
until week 20.

Experiments 2 and 3 were carried out according to the same procedures as
Experiment 1. In all three of the experiments, each group consisted of 15 mice.
The numbers of tumors 1 mm or more in diameter were counted weekly. The
percentages of tumor-bearing mice and the average numbers of tumors per

mouse were determined weekly, as described previously ( 1).

1012

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/5/1012/2452942/cr0530051012.pdf by guest on 19 M

ay 2023



Â«Â¡TREATMENT WITH OKADAIC ACID AND TELEOCIDIN

Induction of ODC in Mouse Skin

Okadaic acid and teleocidin, okadaic acid alone, or leleocidin alone dis
solved in 0.2 ml of acetone were applied to the skin of the backs of 8-week-old

mice. After 4 h, a crude enzyme extract was obtained from the epidermis, and
ODC activity was measured as described previously (11). Enzyme activity was
expressed as nmol CCK/mg protein/30-min incubation. The experiments were

repeated two times independently.

Protein Phosphorylation in Human Keratinocyte.s, PHK 16-1 Cells

PHK 16-1 cells (5 x 10s cells) were placed in a culture dish (6 cm in

diameter) containing 4 ml of MCDB 152 medium. One day later the medium
was replaced by phosphate-deficient MCDB 152 medium and incubated for 14
h. *2P(was added to a final concentration of 1.85 MBq/ml and incubated for 4

h. 35-Methylokadaic acid and teleocidin at a concentration of 1(X)n\i each

were added to the medium, as indicated in the text, and cells were incubated
for various times. As controls. 35-methylokadaic acid alone or teleocidin alone

at a concentration of 100 nsi was tested. The cell lysates were subjected to 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described pre

viously (12). Phosphorylated proteins were analyzed by autoradiography.

RESULTS

Tumor Promotion by Simultaneous Applications of Okadaic
Acid with Teleocidin. The amounts of tumor promoters per applica
tion were chosen from a linear range of tumor-promoting activity, that

is, 0.1 ug (0.12 nmol) or 1.0 ug (1.2 nmol) for okadaic acid and 0.25
ug (0.57 nmol) or 2.5 ug (5.7 nmol) for teleocidin (2, 5). In Experi
ment I, two tumor promoters at high doses (i.e., 1 pg okadaic acid and
2.5 ug teleocidin) were simultaneously applied. The group treated
with DMBA plus okadaic acid and teleocidin produced the first tumor
at week 8. The percentages of tumor-bearing mice and the average

numbers of tumors per mouse increased similarly in the groups treated
with DMBA plus okadaic acid and DMBA plus teleocidin (Fig. 1). At
week 20, the percentages of tumor-bearing mice in the groups treated

with DMBA plus okadaic acid and teleocidin. DMBA plus okadaic
acid, and DMBA plus teleocidin were 64.3%, 73.3%, and 71.4%,
respectively (Table I ). The average numbers of tumors per mouse in
these three groups were 3.4, 4.2, and 1.9, respectively (Table 1).
Simultaneous applications of 1 ug okadaic acid with 2.5 ug teleocidin
did not show any synergistic or additive effects on the tumor-bearing

mice or the average numbers of tumors per mouse throughout the
experiment. In the group treated with DMBA plus okadaic acid and
teleocidin. mice did not show any significant body weight loss
throughout the experiment, and the skin of the backs of these mice was
not irritated.

Since repeated applications of 1.0 ug okadaic acid alone or 2.5 ug
teleocidin alone induced almost the maximum effects of our criteria
for tumor promotion, we next studied the effects of cotreatment with
lower doses of the two tumor promoters (i.e., 0.1 ug okadaic acid and
0.25 ug teleocidin) in Experiment 2. The simultaneous applications of
okadaic acid with teleocidin to DMBA-initiated mouse skin produced
the first tumor at week 12 and resulted in 26.7% tumor-bearing mice

at week 20 (Fig. 1; Table 1). The repeated applications of 0.1 ug
okadaic acid or 0.25 ug teleocidin produced the first tumor at week 12
and week 10, and resulted in 20% and 26.7% tumor-bearing mice at

week 20. The average numbers of tumors were 0.3 in all three groups
at week 20. Thus, the onset of tumor formation, the percentage of
tumor-bearing mice, and the average numbers of tumors per mouse

were not enhanced by simultaneous applications of okadaic acid with
teleocidin. No synergistic effects were observed in Experiment 2, even
at low doses of tumor promoters.

In Experiment 3. we studied tumor-promoting activity with a high

dose of okadaic acid ( 1.0 ug) plus teleocidin at a low dose (0.25 ug)

on mouse skin initiatied with DMBA. The group treated with DMBA
plus okadaic acid and teleocidin resulted in 78.6% tumor-bearing mice

in week 20, whereas the groups treated with DMBA plus okadaic acid
or DMBA plus teleocidin induced tumors in 80.0% and 13.3% in week
20 (Fig. 1; Table 1). Simultaneous applications of okadaic acid with
teleocidin reduced the average numbers of tumors per mouse from 5.1
to 3.6 at week 20. Interestingly, the average numbers of tumors per
mouse in the group treated with DMBA plus okadaic acid and teleo
cidin were close to the mean of those of the other two groups com
bined.

The results of these three experiments indicated that simultaneous
applications of okadaic acid with teleocidin did not induce any syn
ergistic or additive effects on tumor promotion in mouse skin.
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Fig. I. Effects of simultaneous application of okadaic acid and teleocidin on tumor-
promoting activity in two-stage carcinogenesis experiments. After initiation with I(K) ug

of DMBA. I.O ug okadaic acid, and 2.5 ug teleocidin (E.tp. /), O.I ug okadaic acid and
0.25 pg teleocidin (Exp. 2) or 1.0 pg okadaic acid and 0.25 ug teleocidin (Exp. 3) were
simultaneously applied, twice a week. Groups of mice were Ireated as follows: DMBA
plus okadaic acid and teleocidin (â€¢):DMBA plus okadaic acid (O); DMBA plus teleo
cidin (A).

Table I Titmor-[innnotini> activity by uimtiliint'um tijiplk'tiiinn of ukaclaic ticitl with
tftcocitiin. i'otnpiiri'tl with llieir \f>/c uÂ¡iÂ¡)lii'ittÂ¡(ins

TumorpromoterExperiment

1Okadaic
acidplusteleocidinOkadaic

acidTeleocidinExperiment

2Okadaic
acidplusteleocidinOkadaic

acidTeleocidinExperiment

3Okadaic
acidplusteleocidinOkadaic

acidTeleocidinDose"

(ug/application)1.0

+2.51.02.5O.I

+0.250.10.251.0

+0.251.00.25Week

the
first tumor
developed81081212109715Tumor-hearingmice(%)64.373.371.426.720.026.778.680.013.3No.

of
tumors/mouse3.44.21.90.30.30.33.65.10.2

" Either a single tumor promoter or both were dissolved in 0.1 ml acetone and applied

to the anterior half of the skin of the back of mice.
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COTREATMENT WITH OKADAIC ACID AND TKLI-XX'IDIN

Induction of ODC by Simultaneous Application of Okadaic
Acid with Teleocidin in Mouse Skin. Okadaic acid induces maxi
mum ODC activity in mouse skin 4 h after its application, as does
teleocidin (II). However, ODC activity induced by okadaic acid is
weaker than that induced by teleocidin (I. II). Four h after simul-

tunous application of 30.0 ug (36.0 nmol) okadaic acid with 5.0 ug
(11.2 nmol) teleocidin induced only 1.6 Â±0.4 (SD) nmol CO2/30 min
of incubation/mg protein, whereas okadaic acid alone or teleocidin
alone induced 0.4 Â± O.I and 3.7 Â± 1.5 nmol CO2/30 min of
incubation/mg protein, respectively. Okudaic acid seemed to inhibit
ODC induction by teleocidin and to induce ODC activities at an
average potency between those induced by okadaic acid and teleoci
din. These effects were confirmed by simultaneous application of two
different doses, which were used in Experiments 1 and 2 of the
two-stage carcinogenesis experiments, that is, 2.0 ug okadaic acid

with 5.0 ug teleocidin, and 0.2 ug okadaic acid with 0.5 jjg teleocidin.
As described in Table 2. okadaic acid reduced ODC induction by
teleocidin. Therefore, simultaneous application of okadaic acid with
teleocidin did not induce ODC activity synergistically or additively.
These results coincided with the absence of synergistic effects on
tumor promotion in mouse skin.

Protein Phosphorylation by Simultaneous Treatment of Oka
daic Acid with Teleocidin. Protein phosphorylation in human kera-
tinocytes (PHKI6-I cells) by treatment with okadaic acid and teleo
cidin was studied. As we previously reported, okadaic acid and 35-

methylokadaic acid induced hyperphosphorylation of various
cytokeratins and HSP 27 (with a molecular weight of 27,000) in PHK

Table 2 Intlm-tion o/OOC by sinniltani'oiis application of oktitlttic (U'Ut \\-ilh telt'oi-idin.
foitifHirt'il with their Â¡aletippliritlions in nitmse skin

TumorpromoterOkadaic

acidplusleleocidinOkudaic

acidTeleocidinOkudaic

acidplusteleocidinOkadaic

acidTeleocidinOkaduic

acidplusteleocidinOkadaic

acidTeleocidinDose"

(ug/applicution)30.0

+5.030.05.02.0

+5.02.05.00.2

+0.50.20.5OIX"

induction''

(nmol COj/30-min
incuhalion/mgprotein)1.6

Â±0.40.4

Â±0.13.7
Â±1.51.3

Â±0.60.2

Â±0.13.7
Â±1.50.7

Â±0.10.2

Â±0.1I.I
Â±0. 1

" Either u single tumor promoter or both were dissolved in 0.2 ml actMone and applied

to the entire ureu of skin of the bucks of mice.
'' ODC activity of mouse skin treated with vehicle alone was lower than 0.05 nmol

COy3()-min incuhution/mg protein. The data are the mean of two independent experi
ments, and the Â±values are the variation of each mean.

16-1 cells, due to inhibition of PP-1 and PP-2A (13). After 90 min,
cotreatment of the cells with 100 DM35-methylokadaic acid plus 100

nM teleocidin had not induced strong protein phosphorylation, and
only cytokeratins CK 5 and CK 6, with molecular weights of 60.000
and 58,000, and HSP 27 were slightly phosphorylated (Fig. 2A, Lane
4). Within the same time period. 35-methylokadaic acid significantly

phosphorylated various cytokeratins and HSP 27. and I(X) nM teleo
cidin also slightly induced phosphorylation of HSP 27 (Fig. 2A. Lanes
2 and 3). Therefore, hyperphosphorylation of cytokeratins and HSP27
induced by 35-methylokadaic acid seemed to be inhibited by teleoci
din at 90 min after cotreatment. The effects of 35-methylokadaic acid
on protein phosphorylation were delayed in PHK 16-1 cells by treat
ment with teleocidin. Even 5 h after treatment. 35-methylokadaic acid

plus teleocidin did not induce the phosphorylation of any cytokeratins,
except CK 5 and CK 6 and HSP 27 (Fig. 2ÃŸ).However, four cytok
eratins. CK 5, CK 6, CK 16, and CK 19, were highly phosphorylated
by 24 h of incubation with the two tumor promoters together (Fig.
2C). The hyperphosphorylation of cytokeratins induced by 35-meth

ylokadaic acid was closely associated with morphological changes,
such as bleb-like formation in the cells, as described previously (5.
13). Morphological changes in PHK 16-1 cells by 35-methylokadaic

acid were also delayed by treatment with teleocidin.
Teleocidin induced phosphorylation of HSP 27 much earlier than

did okadaic acid, the phosphorylation not being much affected by
cotreatment with okadaic acid and teleocidin. Thus, the cotreatment
did not induce any synergistic effects on protein phosphorylation in
PHK 16-1 cells. Although the results were not presented here, incu
bation of the en/yme fraction containing serine/threonine protein ki-
nases including PKC. PP-I. and PP-2A with okadaic acid and teleo
cidin together synergistically increased 3-P incorporation into histone

III-S. Thus, there is a difference between the results of protein phos
phorylation in the cells and those in the cell-free system.

DISCUSSION

Okadaic acid and teleocidin induce tumor promotion in mouse skin
initiated with DMBA with the same potency, although their mecha
nisms of action are different (2, 5). These two different types of tumor
promoters commonly increase protein phosphorylation in the cyto
plasm as well as in nuclei of cells, as a signal transduction for tumor
promotion (5, 13). Since their potent tumor-promoting activities are

almost the same, it was expected that simultaneous applications of
okadaic acid and teleocidin would induce synergistic or additive ef
fects on tumor promotion on mouse skin. However, three different
experiments at different doses revealed that cotreatment of the two
different types of tumor promoters did not induce synergistic effects
on tumor promotion but rather induced an average activity between

B

Fig. 2. Effects of cotreatment with okadaic acid
and tclcocidin on the phosphorylution of cytoker
atins and HSP 27 in PHK 16-1 cells. After labeling
with "P,, cells (5 X IO5 cells) were incubated for

90 min (A}, 5 h (ÃŸ).or 24 h (C) with DMSO as
vehicle (Urne I), 100 nm okadaic acid (Lane 2i,
KX) UMtcleocidin (iune .?). and 100 nM okudaic
acid with 100 nM teleocidin (Ijanc 4}. Top arrow.
CK 5 and CK ft with molecular weights of W).(XX)
and 58.IXX); htiltom arrow. HSP 27 with a molec
ular weight of 27.IXX).

kDa 1

97-

66-

43-

31 -

1234

1014

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/5/1012/2452942/cr0530051012.pdf by guest on 19 M

ay 2023



COTRKATMENT WITH OKADAIC ACID AND TELEOCIDIN

those of okadaic acid and teleocidin. The absence of synergistic ef
fects was observed in ODC induction in mouse skin and in the phos-

phorylation of cytokeratins and HSP 27 in human keratinocytes. These
results strongly suggest that okadaic acid and teleocidin mediate
through some common essential processes for clonal expansion of the
initiated cells, although okadaic acid is an inhibitor of PP-1 and
PP-2A, and teleocidin is an activator of PKC.

There are several differences between the processes operating in the
okadaic acid pathway and those of the PKC pathway with regard to
target proteins and time courses in the cells. Okadaic acid induces
phosphorylation of various proteins, such as intermediate filaments,
and of HSP 27 through the inhibition of PP-1 and PP-2A, and its

protein phosphorylation by basal protein kinase activity is further
sustained due to the inhibition of protein phosphatase activity (5, 13).
Teleocidin induces rapid and transient phosphorylation of proteins
similar to TPA, such as HSP 27 ( 13. 14). Sustained protein phosphor
ylation by activation of PKC is not clearly understood. Due to differ
ences in their target proteins and phosphorylation rates, cotreatment of
okadaic acid with teleocidin did not show stimulation of protein
phosphorylation in a manner as simple as expected. As shown in Fig.
2, cotreatment clearly inhibited the phosphorylation of cytokeratins
induced by okadaic acid, suggesting that the PKC pathway affects
other protein kinase activity through the cross-talk of phosphopro-

teins.
Distinct from phosphoproteins in the cytoplasm, phosphoproteins in

the nuclei, which induce gene expression and regulate transcription in
the cells, remain to be elucidated. Recently, the expression of several
genes induced by okadaic acid in mouse skin was reported (15). A
topical application of okadaic acid induced several genes similar to
those induced by TPA: early response genes, such as c-fos and c-jun

genes, and secondary response genes such as transin and plasminogen
activator-urokinase genes ( 15). The induction of these genes by oka

daic acid was much slower than induction by TPA. however. Teleo
cidin. as one of the TPA types of tumor promoters, might have the
same gene expression as TPA. Thus, okadaic acid- and TPA-induced

expression of several genes is common through two different path
ways.

The absence of synergistic effects by okadaic acid and TPA on the
induction of the kappa B enhancer binding protein, human immuno
deficiency virus-long terminal repeat chloramphenicol acetyltrans-
ferase activity, and the AP-I complex in Jurkat cells were also re

ported: simultaneous treatment of okadaic acid and TPA resulted in
little increase in kappa B enhancer binding protein levels, it inhibited
a marked increase in chloramphenicol acetyltransferase activity by
okadaic acid in Jurkat cells which were transfected with a plasmid
containing the human immunodeficiency virus-long terminal repeat,
and it inhibited the induction of the AP-1 complex (16). Moreover,
cotreatment markedly inhibited the induction of c-jun niRNA by oka

daic acid. Although the mechanism by which TPA inhibits the re
sponse to okadaic acid at the transcriptional level is not clear, there is
a marked difference between okadaic acid and TPA on the induction
patterns of c-jun mRNA and on the c-jun promoter-chloramphenicol

acetyltransferase constructs (8).
From the previously reported results, the TPA-responsive element is

utili/ed in gene expression by TPA as well as okadaic acid (7, 9, 15).
Levy et al. (17) recently identified the okadaic acid response element
in the human collagenase promoter, which was not responsive to
TPA (17). It is difficult to determine the priority of these enhancer
elements in cotreatment. The okadaic acid response element sequence.
"CTGACTCCA", was also found in the ODC gene (18) and the glu-

lathione-S-transferase placenta! form gene of rat liver ( 19). It will also

be important to determine what transcription factors are strongly

activated, probably by phosphorylation. It has recently been reported
that Jun is phosphorylated by TPA as well as by okadaic acid (20). It
is necessary to study the effects of cotreatment of TPA and okadaic
acid on the phosphorylation of transcription factors, such as Jun.

Recently, several papers have reported that okadaic acid counteracts
the effects of TPA in various systems, such as the induction of focus-
forming transformed cells by a two-stage protocol in the C3H/10TI/2

mouse fibroblast transformation assay and the induction of morpho
logical transformation by TPA (21). However, these results have never
ruled out okadaic acid as a potent tumor promoter. It is important to
note that cotreatment of okadaic acid with TPA presents complicated
interaction between protein kinases and protein phosphatases, which
has not yet been clarified.

Mirex was recently reported to be a new tumor promoter on mouse
skin (22). Cotreatment of mirex with TPA enhanced their tumor-

promoting activities, suggesting that their mechanisms were different.
Since mirex did not induce ODC in mouse skin, its mechanism of
action seems to be different from that of okadaic acid.

The cotreatment experiment with two different types of tumor
promoters associated with potent tumor-promoting activity suggests

the presence of common essential processes for tumor promotion:
probably common gene expressions, such as c-fos and c-jun genes,

and common transcriptional regulation through various enhancer el
ements. The significance of cross-talk between the okadaic acid path

way and the PKC pathway in transcriptional regulation was indicated.
These points should be further clarified for the understanding of clonal
expansion of the initiated cells.
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