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DMBA; one group (Group B) was promoted with 5 mg EPP, and the
second (Group C) with 3 mg EPP. After 40 weeks of promotion, the
mice were killed, and the tumors were removed for histolÃ³gica!analyses
as described above. For comparison, data from a PMA promotion
experiment are included (Group D), in which SSIN mice initiated with
10 nmol DMBA were promoted twice weekly with l MgPMA.

Ornithine Decarboxylase Activity. The induction of ODC activity
was measured using preparations of scraped epidermis from the backs
of mice treated with acetone, EPP, or 1 MgPMA. For dose response
studies, EPP was applied at 1-, 3-, 5-, or 7-mg doses, and the mice were
killed after 6 h. For time course studies, EPP was applied at S mg, and
the mice were killed at 0, 3, 6, 9, and 15 h. Homogenates of epidermal
scrapings were centrifuged at 12,000 x g for 15 min, and aliquots of
the supernatant were assayed for ODC activity as described by Weeks
and Slaga (18). Briefly, aliquots were incubated at 37Â°Cfor 1 h with L-
[14C]ornithine, and the liberated I4CO2 was trapped in ethanolamine

and counted in a scintillation counter. Total protein added in the
reaction was determined according to Bradford (19), and the results
were expressed as nmol CO2/mg protein/h. The experiments were
carried out at least twice with three to five mice/experimental group.

Vascular Permeability. Vascular permeability, used as an indirect
measurement of the degree of inflammation caused by irritants, was
measured by slight modificai ions of the methods of Kata et al. (20) and
Young et al. (21). Briefly, treated mice were given injections in the tail
vein of 8.3 ji'/g body weight of a solution of Evans blue dye (1% w/v
in phosphate-buffered saline) 30 min before the mice were killed and
the skin was removed. Six 1-cm2 pieces from each skin were homoge

nized separately in 600 M' of 0.5% NaSO4. The dye was extracted
overnight by adding 1.4 ml of acetone. The samples were then centri
fuged for 10 min at 1200 x g, and the supernatants were removed. The
dye concentration in the supernatants was determined by spectropho-
tometric analysis at 620 nm. Each group contained three to five animals
(six determinations/animal) with at least two experiments/comparison.

Protein Kinase C Down-Regulation. Protein kinase C activity was
determined in epidermal scrapings from two to three mice/group, 48 h
after treatment with acetone, EPP (5 mg), or PMA (2 Mg).The buffers
used were as follows: Buffer Stock [20 mM TRIZMA base, 2 mM
EDTA, and 2 mM ethyleneglycol bis(0-aminoethyl eiher.)-N,N,N',N'-

tetraacetic acid (pH 7.6)]; Buffer A (Buffer Stock plus 1 mM dithiothre-
itol, 1 mM phenyimethylsulfonyl fluoride, 0.5% Triton X-100, 10 Mg/
ml pepstatin A, 20 Mg/ml aprotinin, and 50 Mg/ml leupeptin); Buffer B
(Buffer Stock plus 1 mM dithiothreitol, 0.1 mM phenyimethylsulfonyl
fluoride, 5 Mg/ml pepstatin A, 10 Mg/ml aprotinin, and 25 Mg/ml
leupeptin); and Buffer C (Buffer B plus 0.12 M NaCl). The scrapings
were homogenized on ice in 0.75 ml/mouse of Buffer A and centrifuged
in a Beckman TL-100 ultracentrifuge (22). After the supernatant was
applied to a 4 nil DEAE-cellulose column (equilibrated with Buffer B),
the column was washed with 2 volumes of Buffer B, and the bound
proteins were eluted with Buffer C. Fractions (0.5 ml) were collected
in polypropylene tubes containing 5 Mgpepstatin A, 10 Mgaprotinin,
and 25 Mg leupeptin and stored at 4Â°Cuntil use. Protein kinase C

activity in the fractions was determined as described previously (10,
23).

Protein Kinase C Activation in Vitro. The ability of EPP to activate
PKC in vitro was measured using a modification of the method of
Arcoleo and Weinstein (24). Briefly, PKC was partially purified from
skin homogenates of untreated mice as described above using DEAE-
cellulose chromatography. Using the buffer system described above, the
PKC activity was determined in the presence or absence of calcium (2
mM), EPP (0.1, 1, 10, and 100 Mg/ml), or PMA (1 Mg/ml). The
experiment was performed three times.

RESULTS

Histology. The histolÃ³gica! response of SSIN mouse skin
treated with acetone, EPP, or PMA is illustrated in Fig. 1.
Treatment with acetone does not change the appearance of
untreated skin; a single layer of basal cells is overlaid with one
or two layers of squamous, highly keratinized cells (Fig. 1/4).

Four treatments with 2 ^g of PMA result in an extremely
hyperplastic epithelium with 10 to 15 layers of differentiating
suprabasal cells overlaying a well defined basal layer (Fig. IB).
In contrast to PMA treatment, four treatments of EPP (5 mg/
treatment) result in hyperplasia that is somewhat less pro
nounced (Fig. 1C). In this case, the single layer of basal cells is
covered by three to five layers of differentiating suprabasal cells.
However, when 5 mg of EPP are applied twice weekly for
extended periods (6 weeks; 12 treatments), the extent of the
hyperplasia is comparable to that produced by PMA with a
basal cell layer covered by 10 to 15 layers of suprabasal cells
(Fig. 10).

Tumor Experiments. Because prolonged, extensive hyperpla
sia can be sustained by the EPP treatment protocols described
and because these same protocols result in morphological and
biochemical changes characteristic of tumor promoters, the
ability of EPP at these doses to act as a tumor promoter was
evaluated. Female SSIN mice (30 mice/group), initiated with
DMBA and promoted for 40 weeks with 3 or 5 mg of EPP
twice weekly, developed tumors at the rate indicated in Fig. 2.
The values presented are calculated on the basis of surviving
mice, as some deaths occurred due to unknown, non-tumor-
related causes. In all groups, >87% of the mice remained alive
at the end of 40 weeks. In the group of mice initiated with 10
nmol DMBA and promoted with 5 mg EPP (Group A), 77%
(20 of 26) of the surviving mice developed tumors (Fig. 2A),
with an average of 2.7 tumors/mouse (Fig. IB). Initiation of
the mice with 100 nmol DMBA resulted in a somewhat higher
tumor response. Mice initiated with 100 nmol DMBA and
promoted with 5 mg EPP (Group B) had an average of 4.8
tumors/mouse (Fig. 2B), with 100% of the surviving mice (28
of 28) presenting tumors (Fig. 2A). A third group of mice
(Group C) was initiated with 100 nmol DMBA and promoted
with 3 mg of EPP. After 40 weeks of promotion, 52% (15 of
29) of the surviving mice in this group had tumors, with an
average of 0.9 tumor/mouse (Fig. 2B). The time of appearance
of tumors was considerably later than that observed following
PMA promotion (Group D), in which tumors first appeared
between 4 and 5 weeks. A single papilloma appeared after 6
weeks of EPP promotion in Group A, but no other tumors
appeared until 11 weeks. Thereafter, tumor numbers steadily
increased before reaching a plateau at approximately 40 weeks.
Tumors did not appear in Group B until 11 weeks of promotion
and then increased rapidly before reaching a plateau at approx
imately 32 weeks. There was an even greater latency period in
the appearance of tumors in Group C. A single papilloma
appeared at 13 weeks but was not followed by others until 18
weeks, after which the tumor number began to increase slowly.
In fact, the tumor number in this group was still slowly increas
ing at the end of the experiment after 40 weeks of promotion.
The difference in latency or time to 50% tumor incidence
appears to be primarily a function of tumor promoter type and
dose, rather than dose of initiator. For PMA, a 50% incidence
occurred at 5 to 6 weeks; for the 5-mg EPP groups, the 50%
incidence level occurred at 16 to 17 weeks (100 nmol DMBA)
and 19 weeks (10 nmol DMBA). With 3 mg EPP (100 nmol
DMBA), a 50% incidence occurred only after 31 weeks of
promotion and plateaued at that level. That the increased
latency with EPP was a function of small tumor size and slow
rate of growth cannot be ruled out. Although tumors were not
measured, it was observed that the tumors on EPP-promoted
mice grew more slowly than those on the PMA-treated mice.
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Fig. 1. Hyperplasia in mouse skin treated with EPP or PMA. Mice were treated with acetone, EPP, or PMA and killed 48 h after the last treatment. The skins

were processed for histology as described. Test compound and treatments (twice weekly) are: (A) acetone 4 times; (B) PMA (2 /ig) 4 times; (C) EPP (5 mg) 4 times;
(D) EPP (5 mg) 12 times. A to D. x 1600.

By the end of the experiment, however, many of the papillomas
were as large as those that occur with PMA promotion.

Ornithine Decarboxylase Induction. The ability of EPP to
induce epidermal hyperplasia suggested that exposure to EPP
would likewise produce an increase in ODC activity. As illus
trated in Table 1, the level of ODC activity measured in extracts
from mouse skin treated with EPP was significantly elevated
over that of acetone controls. When measured 6 h after EPP
treatment, epidermal ODC activity increased up to 50 times
that of control levels. A good dose response increase in activity
was observed over the range of 1 to 5 mg of EPP. This increase
is similar to that induced by PMA treatment in these mice
(~ 100-fold increase). Time course studies over the period from
3 to 15 h revealed a peak of ODC induction at 6 h under the
conditions used here (Fig. 3), a level similar to that seen after
PMA treatment under these conditions (data not shown).

Vascular Permeability. To evaluate the effects of EPP on
vascular permeability, a component of inflammation, the skin
content of Evans blue dye was used as an indicator of these
changes. Time course studies showed an increase in the amount
of dye recovered from EPP-treated tissues that peaked at 9 h
(~12 times that of control) and then declined gradually there
after (Fig. 4). This time course is the same as that seen following
PMA treatment (Ref. 25, and data not shown). The magnitude
of the change in permeability 6 h after treatment with EPP is

similar to that seen following PMA treatment (Fig. 4 inset;
PMA was ~14 times that of the control versus EPP, which was
~8 to 10 times that of the control).

Protein Kinase C. Previous reports have demonstrated the
activation and down-regulation of PKC following treatment of
mouse skin with PMA (10, 23). Because this event is thought
to be the controlling event in PMA-induced tumor promotion,
the down-regulation of PKC following EPP treatment was
measured. Whereas the application of 2 /tg PMA to mouse skin
leads to down-regulation of PKC at 48 h (75 to 95% down-
regulation; 28 Â±17% of control activity, n = 4), application of
5 mg of EPP applied to the skin results in less than a 20%
reduction in PKC activity 48 h after treatment (Fig. 5). The
total PKC activity (as percentage of control) seen 48 h after
treatment with 5 mg of EPP averaged 82 Â±32% (n = 4). The
values obtained for EPP were not significantly different from
those for acetone, whereas values for PMA were significantly
different from those for acetone and for EPP at P > 0.05
(Fisher's Protected Least Significant Difference). A 24-h time

point following EPP treatment also failed to show reduction in
PKC activity to the degree seen following PMA treatment (data
not shown). No differences in the column elution profiles or
peak fractions were observed with epidermal samples from
acetone-, EPP-, or PMA-treated mice, with respect to PKC
activity (Fig. 5).
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Fig. 2. EPP-induced tumor promotion. Groups of 30 inbred SENCAR (SSIN)
mice were initiated with DMBA and promoted with EPP or PMA as described.
The data are presented as the percentage of mice with tumors (I ) and the average
number of tumors per mouse (Hi. Treatment groups are: D, initiation with 10
nmol DMBA and promotion with 5 mg EPP (Group A); A. 100 nmol DMBA
for initiation and 5 mg EPP for promotion (Group B); â€¢¿�.100 nmol DMBA
initiation and 3 mg EPP for promotion (Group C); A, 10 nmol DMBA initiation
and l Â»igPMA for promotion.

7.7 versus 44.0 Â±7.6 pmol/mg protein/10 min for PMA and
Ca2+, respectively).

DISCUSSION

One approach to elucidating the mechanism of action of
tumor promoters, such as PMA, has been to study compounds
that have biological activities similar to that of PMA but that
lack the ability to promote tumor formation. Such comparisons
with complete promoters should allow for the identification of
those biological effects induced by promoters that are critical
to the tumor promotion process. The hyperplasiogenic irritant
EPP was chosen for this study based on reports which consid
ered this compound to be nonpromoting, although it induced
many of the morphological and biological effects seen following
PMA treatment (12, 16).

Preliminary studies indicated that historical dose levels (10
to 15 mg/treatment) were extremely toxic to mouse skin, as
evidenced by severe ulcÃ©rationand sloughing of the epidermis.
The study reported here used reduced levels of EPP, which

HOURS
Fig. 3. Time course of EPP-induced ODC activity. Mice were treated with 5

mg EPP and killed at the times indicated. ODC activity in the epidermis was
measured as described by incubation of homogenate aliquots with [MC]ornithine.
Values, mean Â±SEM (bars) (n > 8) of EPP-treated mice.

Table 1 ODC induction by EPP and PMA
Mice were treated with EPP or PMA as indicated and killed 6 h later. The

epidermis wa scraped from the skins, and the ODC activity was measured as
described under "Materials and Methods."

TreatmentAcetone

PMA
EPP
EPP
EPP
EPPDose2|41

mg
3 mg
5 mg
7mgODC

activity
(nmol CO2/

mg/h)0.042
Â±0.031Â°

4.519 Â±1.317*

0.059 Â±0.028
0.694 Â±0.346
2.257 Â±0.888*
2.078 Â±0.860*

â€¢¿�Mean Â±SEM. n > 7.
'Significantly different from acetone (P > 0.001, Fisher's Protected Least

Significant Difference).

Phorbol ester tumor promoters also have the ability to replace
the Ca2+ requirement of PKC for in vitro activation (24). Non-

phorbol ester-type promoters do not bind to or activate PKC

in vitro (26, 27). The addition of 1, 10, or 100 ng/ml EPP in
the absence of Ca2+ to in vitro reaction mixtures failed to

activate PKC, whereas the addition of 1 Â¿ig/mlof PMA (Fig.
6) in the absence of Ca2+ resulted in an increase in PKC activity
greater than that seen with the addition of 2 mM Ca2+ (62.1 Â±

q
o

0.40

0.30

0.20

0.10
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Fig. 4. Time course of EPP-induced vascular permeability. Mice were treated
with 5 mg EPP and then killed at the 3-h intervals indicated. Thirty min before
being killed, they were given injections of Evans blue dye as described. The dye
was extracted from 1 air sections of skin and quantitated spectrophotometrically
at 620 nm. Values, mean Â±SEM (bars) (n > 5) from mice treated with EPP.
Inset, comparison of vascular permeability induced by EPP (5 mg) and PMA (2
mg) 6 h after treatment (mean Â±SEM, n a 6). Values for EPP and PMA are
significantly different from those for acetone (ACE) (P> 0.001, Fisher's Protected

Least Significant Difference).
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Fig. 5. PKC down-regulation following EPP and PMA treatment. Mice were
treated with acetone, EPP (5 mg), or PMA (2 Â¿ig)and killed 48 h later. The
epidermis from the dorsal skin was removed, and PKC was partially purified by
DEAE-cellulose chromatography as described. PKC specific activity was assayed
as described by incubation of fraction aliquots with [7-32P]ATP and HI histone
in the presence and absence of phospholipid and Ca2+. A representative experi
ment is shown. PKC activity of EPP-treated skins averaged 82% of the acetone
value, whereas PMA-treated skins averaged only 28% (n = 4). Treatment groups
are: D, acetone; â€¢¿�EPP; â€¢¿�,PMA.

produced no such effects in the skin and allowed sustained
epidermal hyperplasia with repeated application. The data from
our study support the conclusion that EPP is a moderately
effective tumor promoter. Although the number of epidermal
tumors (approximately five tumors/mouse) induced by EPP is
lower than is seen following PMA promotion, it does equal
tumor numbers seen with promotion by other moderate tumor
promoters such as benzoyl peroxide (28). Also, the high inci
dence of tumors, up to 100%, and the fact that the response
appears to be dose dependent argues strongly for the complete
tumor-promoting activity of EPP. Although these data and
their interpretation may appear to vary somewhat from previous
reports (2, 12, 16), it should be noted that we have lowered the
EPP dose to a relatively nontoxic level and are using mice that
were selected for sensitivity to the tumor promotion process.
The higher doses used in previous studies may have been toxic,
thus negating the tumor-promoting activity of EPP. Addition
ally, we believe that the studies reported by Raick (12) demon
strate evidence for the complete tumor-promoting activity of
EPP in Swiss-Webster ICR mice in that an average of one
tumor/mouse was observed.

Also, the application of EPP to mouse skin produces mor
phological and biochemical changes similar to those observed
following treatment with other known tumor promoters. These
events include sustained hyperplasia, the induction of ODC
activity, and increased vascular permeability.

HistolÃ³gica! comparison of mouse skin exposed four times
to EPP or PMA showed that both compounds elicited a hyper-
plastic response, with PMA producing a more pronounced
hyperplasia than EPP. However, the dose of PMA (2 Â¿ig)was
slightly higher than that normally used for tumor promotion in
this strain of mouse and may have accounted for some of the
difference. Ater 12 treatments with EPP, the skin exhibited a
degree of hyperplasia comparable to that produced by PMA
(single or multiple PMA treatments). This delayed response to
EPP may explain the delayed appearance of tumors in EPP-
treated mice compared with PMA-treated animals (11 to 13
weeks for EPP versus 5 to 6 weeks for PMA). These results are
in agreement with previous work that documented the ability
of EPP to induce epidermal hyperplasia (12, 16, 29). The
literature also indicates that EPP treatment results in an in

creased number of dark keratinocytes in the epidermis, although
the number is smaller than is seen following PMA treatment
(5, 15,29).

The induction of ODC activity is considered to be an essential
event Â¡ntumor promotion and is characteristic of all tumor
promoters. ODC induction by EPP follows a time course very
much like that produced by PMA, with a peak of activity
between 6 and 9 h. The extent of ODC induction (~50 times
that of acetone controls) was fully one-half that produced by
PMA and is in concordance with its promoting activity when
compared with PMA. Previous studies have reported either no
induction (30) or ODC induction of 6, 28, and 30 times that of
controls (7, 31, 32).

Our study also demonstrated the ability of EPP to induce
vascular permeability as measured by dye leakage in treated
skin. These observations are in agreement with previous reports
of increased permeability (13) and increased dermal cellular
infiltrates (15) following EPP treatment. There are other re
ports that indicate that EPP produces responses similar to
PMA, although to a smaller extent. These include increased
protein synthesis (33), lipid peroxidation (34), sister chromatid
exchange (35), and xanthine oxidase levels (36).

The phorbol ester-type tumor promoters act through a cell
ular receptor, PKC (10, 11). Other, non-phorbol ester pro
moters, such as palytoxin and thapsigargin, do not appear to
interact with PKC (26, 27), nor do they induce ODC activity.
EPP may be a tumor promoter of a type different from either
the phorbol ester type or the non-phorbol esters such as paly-
toxin or thapsigargin, since it induces ODC activity but does
not down-regulate PKC. Donnelly et al. (37) have previously
reported a lack of effect by EPP on PKC down-regulation. The
possibility cannot be ruled out, however, that EPP effects are
mediated via only one or more isozymes of PKC, or that EPP
may bind to PKC with very low affinity and thus produce only
minimal activation. Either of these could account for the obser
vation in this study that EPP treatment resulted in a 20% down-
regulation of PKC (>80% for PMA) and a 50-fold increase in
ODC activity (100-fold for PMA). Overall, it appears that EPP
works through a mechanism independent of PKC and that the
small amount of apparent down-regulation is not significant

80 -\

Activator
Fig. 6. Lack of activation of protein kinase C by EPP. Protein kinase C was

partially purified from epidermal cells, as described under "Materials and Meth
ods." Kinase activity was determined in the presence or absence of Ca2+ (2 min),

EPP (doses used are /jg/ml), or PMA (1 (ig/ml) by measuring the incorporation
of "P from [7-"P]ATP into histone. Values [mean Â±SEM (bars)] are calculated
as pmol (non-enzyme background subtracted)/mg protein/10 min. The experi
ment was repeated three times using duplicates.
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