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ABSTRACT  The binding of [20-*H]phorbol 12,13-dibutyrate
(*H]PDB) to intact living epidermal cells in monolayer culture was
characterized. At 37°C, the maximum specific "H]PDB binding
(binding displaceable by 30 uM unlabeled PDB) was attained in
15-20 min and was followed by a rapid decrease (down regulation)
of radioactivity bound to the cells. The activity lost by the cells
during this decrease was found in the incubation medium. Prior
exposure of cells to phorbol 12-myristate 13-acetate (PMA; 12-O-
tetradecanoylphorbol 13-acetate) but not to phorbol for 2 hr at
37°C caused =55% reduction in the number of measurable binding
sites for [PH]PDB. The down regulation was temperature sensi-
tive; there was no loss of radioactivity after 1 hr at 4°C. The specific
binding of [PHJPDB at 4°C reached equilibrium in 15-20 min and
was saturable and freelg' reversible. At equilibrium, epidermal
cells contained 1.2 X 10° binding sites per cell, and binding sites
had a Kp, of 10 nM. Specificity of binding was shown by the ob-
servation that the biologically active phorbol esters PMA and 12-
deoxyphorbol 13-decanoate inhibited the binding, whereas the in-
active parent compound phorbol and the nonphorbol tumor pro-
moter anthralin did not have any effect. The abilities of these com-
pounds to inhibit [PH]PDB binding directly correlates with their
tumor promoting activities. Epidermal cells exposed to retinoic
acid or fluocinolone acetonide for 24 hr had similar [°H]PDB bind-
ing characteristics as untreated cells suggesting that inhibition of
tumor promotion induced by these compounds is not mediated
through alterations in the phorbol ester binding sites.

Tumor-promoting agents are a class of weakly carcinogenic or
noncarcinogenic compounds that enhance the formation of tu-
mors when repeatedly applied to mouse skin that has been pre-
viously treated with a subcarcinogenic dose of a carcinogen. This
process is known as the two-stage model (initiation and pro-
motion) for the development of skin tumors in mice (1, 2). A
wide range of chemical compounds have been shown to have
promoting activity (3). Phorbol 12-myristate 13-acetate (PMA;
12-O-tetradecanoylphorbol 13-acetate) is the most potent tumor
promoter among the 25 phorbol 12,13-diesters isolated from
croton oil. The results of investigations of the metabolism of
phorbol esters and their chemical requirements for promotion
have been discussed (3-5).

Tumor promoters have pleiotropic effects and modify many
cellular and biochemical responses (3, 6, 7). It is not known
which of these are specific to tumor promotion and which rep-
resent secondary events. In the past decade, one of the main
strategies for examining the specificity of responses has been
correlating the degree of response to graded doses of the pro-
moters or their nonpromoting derivatives. Because correlation
does not imply causation, however, this approach has not
greatly increased our understanding of the actual mechanism
of promotion. Thus, the critical events in tumor promotion re-
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main unresolved. Recently, it has been reported that promotion
can be clearly divided into two stages (8).

Current evidence suggests that the primary interaction of
PMA is with the cell surface (9-11). Attempts have also been
made to identify specific binding sites for phorbol ester tumor
promoters in several tissues (12, 13), including mouse skin (14).
Investigations using the phorbol derivative [20-*H]phorbol
12;13-dibutyrate ((*H]PDB), which is much less lipophylic than
PMA itself, have been successful in identifying specific binding
sites in particulate fractions of whole cells or tissues. In the pres-
ent study, we examined the specific binding of [PH]PDB to in-
tact living primary epidermal cells from newborn Sencar mice.

MATERIALS AND METHODS

Chemicals. [*H]PDB (specific activity 6.4 Ci/mmol; 1 Ci
= 3.7 X 10'° becquerels) and unlabeled PDB were purchased
from Lifesystem (Newton, MA). PMA, 4-O-methyl PMA, and
phorbol were obtained from P. Borchert, University of Min-
nesota, Minneapolis, MN. Mezerein was a generous gift from
S. M. Kupchan, University of Virginia, Richmond, VA and J.
D. Dowios, National Cancer Institute, Bethesda, MD. 12-
Deoxyphorbol 13-decanoate (DPD) was kindly supplied by G.
Furstenberger, German Cancer Centre, Heidelburg, Federal
Republic of Germany. Dihydroteleocidin B (DHT-B) was do-
nated by T. Sugimura, National Cancer Centre Research In-
stitute, Tokyo, Japan. Anthralin was purchased from Pfaltz and
Bauer (Stamford, CT), fluocinolone acetonide (FA) was obtained
from Syntex (Palo Alto, CA); and retinoic acid (RA), cadaverine,
and methylamine were from Sigma.

Cell Culture. The primary epidermal cells were derived from
newborn Sencar mice raised at the Oak Ridge National Labo-
ratory, Oak Ridge, TN. The procedure for the isolation and cul-
ture conditions has been described (15). In these experiments,
horse serum instead of the previously described fetal bovine
serum was used in a modified Waymouth’s MS 752/1 medium.
Binding assays were performed on confluent monolayer cul-
tures 4 or 5 days after plating of 1 X 10° cells per 35-mm-di-
ameter plastic Petri dish (Falcon).

Trypsinization of Cells for Counting. Confluent cell cultures
were washed with two 1.5-ml portions of phosphate-buffered
saline (P,/NaCl) (pH 7.4) and then incubated with trypsin/
EDTA solution (0.2% of each in P,/NaCl) for 10~15 min at 37°C.
Detached cells were flushed from the Petri dishes by using a
sterilized Pasteur pipette and were counted by using a hemo-
cytometer. Cell viability was determined by trypan blue
exclusion.

Abbreviations: [*H]PDB, [20-H]phorbol 12,13-dibutyrate; PMA,
phorbol 12-myristate 13-acetate (12-O-tetradecanoylphorbol 13-ace-
tate); DPD, 12-deoxyphorbol 13-decanoate; FA, fluocinolone aceton-
ide; RA, retinoic acid; EPP, ethyl phenyl propiolate; DHT-B, dihy-
droteleocidin B; P;/NaCl, phosphate buffered-saline.
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Assay of *H]PDB Binding to Intact Primary Epidermal
Cells. Medium from the confluent monolayer cultures was re-
moved by aspiration, and the cells were washed with two 1.5-
ml portions of Waymouth’s MB 752/1 medium (without serum)
before final transfer into 1 ml of this medium. [*H]PDB (=27
nM) and other compounds were then added, and incubation was
carried out at 4°C for 45 min. The reaction was terminated by
washing the cells with five portions of P,/NaCl (pH 7.4) over
a period of 5 min. Finally, the cells were dissolved in 1.5 ml of
1% NaDodSO,/10 mM dithiothreitol and incubated at 37°C for
1-2 hr. The NaDodSO, mixture was transferred to scintillation
vials containing 10 ml of ACS scintillation fluid. Radioactivity
was counted at 40-50% efficiency in a Tri-carb Packard spec-
trometer (model 3255). In these experiments, specific [*H]PDB
binding is defined as the difference between [*’H]PDB bound
in the absence and presence of 30 uM unlabeled PDB. The
specific binding, 55-70% of the total binding, is expressed as
cpm per 106 cells.

RESULTS

General Characteristics of [PH]JPDB Binding. In initial ex-
periments, [PH]JPDB binding was carried out at 37°C. At this
temperature, the specific binding of [°H]PDB to intact primary
epidermal cells reached a maximum 15-20 min after addition
of labeled PDB and then decreased substantially (Fig.1). This
apparent loss (down regulation) appeared due to the dissociation
of bound [*H]PDB from the epidermal cells. A progressive in-
crease in the amount of radioactivity in the medium was ob-
served following the maximum binding (Table 1). This increase
paralleled the decrease in the [*H]PDB bound to cells. Pre-
treatment of epidermal cells with 1 uM PMA for 2 hr at 37°C
reduced the specific binding of [*H]PDB to about 55% that of
control (Fig. 2). In addition, cells pretreated with PMA dis-
played no down regulation of radioactive label over a period of
1 hr at 37°C. However, prior incubation of cells with 1 uM
phorbol for 2 hr at 37°C had no effect on the specific [*H]PDB
binding sites or on the down regulation of bound [*H]PDB.

In many types of cells (16-18), the internalization of a ligand-
receptor complex is preceded by surface clustering of receptors
into specific regions of the plasma membrane. This phenome-
non has been shown to be prevented at lower temperatures (18)
or by treatment of the cells with alkylamines such as methyl-
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FiG. 1. Time course of specific [*HIPBD binding to intact primary
epidermal cells from Sencar mice at 4°C (0) and at 37°C (e). Each point
is the mean of triplicate assays carried out on three separate plates.

Proc. Natl. Acad. Sci. USA 78 (1981)

Table 1. Release of bound [*H]PDB from epidermal cells into the
medium

Time (after
addition of [*HIPDB bound, [®*H]PDB released,
medium), min cpm per 10° cells cpm per 10° cells
0 11,735 + 1273
15 3,515 + 256 8,001 + 573
30 1,835 + 118 9,398 = 759
60 1,525 = 107 10,003 = 1,236
120 1,508 + 121 10,114 = 1,435

Each plate contained 2 x 106 cells and ~54 nM of [°H]PDB, and the
reaction was carried out at 37°C. After maximum binding at 20 min,
the medium containing labeled PDB was removed by aspiration and
the cells were washed with five 2-ml portions of warm P,/NaCl. Fi-
nally, 1.5 ml of fresh medium was added to each plate, and further in-
cubation was carried out at 37°C. The loss of [*’HIPDB bound to epi-
dermal cells into the medium was followed with time. Each value is
the mean + SE of determinations from six separate plates.

amine or cadaverine (18-20). As shown in Fig. 1, down regu-
lation of [*H]PDB binding in epidermal cells was temperature
sensitive; at 4°C, no loss of bound [*H]PDB occurred for up to
60 min after addition of the ligand. The down regulation of
[*H]PDB binding at 37°C was also modified by the inclusion of
0.1 mM cadaverine in the assay mixture (Fig. 3). However, the
inhibitory effect of cadaverine was transient and only delayed
the time of down regulation. A major loss of radioactive label
occurred at 45-60 min in the presence of cadaverine in contrast
to 2045 min in the absence of cadaverine (see Fig. 1). The rea-
son for this insensitivity of the epidermal cells to cadaverine
after 45 min is unknown. In another experiment, the down reg-
ulation in cells after 30 min of exposure at 37°C to 10 mM meth-
ylamine or 0.1 mM dansylcadaverine was examined. The de-
crease in specific [*’H]PDB binding in these cells began 45-60
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Fic. 2. Time course of specific binding to intact primary epidermal
cells that had been pretreated with P;/NaCl (0), 1 uM PMA (e), or 1
uM phorbol (m) for 2 hr at 37°C. After 2 hr of treatment, cells were
washed with three 1.5-ml portions of warm medium, and further
[®*HIPDB binding assay was carried out at 37°C. Each point is the mean
of triplicate assays carried out on three separate plates.
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Fic. 3. Time course of specific *H]PDB binding to intact primary
epidermal cells in the presence of 0.1 mM cadaverine. Cadaverine was
included in the incubation mixture from time zero, and the reaction
was carried out at 37°C for various times. Each point is the mean of
triplicate assays carried out on three separate plates.

min after addition of the ligand (data not shown), suggesting that
the effect of methylamine or dansylcadaverine was reversible.

Maximum specific [*H]PDB binding to intact cells occurred
within 15-20 min at both 4°C and 37°C (see Fig. 1). Specific
binding of [*H]PDB to intact cells at 4°C was fully reversible
(data not shown). In this experiment, binding of labeled ligand
was allowed to reach equilibrium (45 min at 4°C). An excess of
unlabeled PDB (30 uM) was then added, and the displacement
of label with time was followed. Complete displacement of spe-
cific [*H]PDB binding was observed after 25-30 min.

The dependence of specific [*H]PDB binding on the con-
centration of ligand was also determined (Fig. 4A). The specific
[*H]PDB binding to the intact cells increased with increasing
concentrations of the ligand and appeared to be saturable. Scat-
chard analysis of the binding data (Fig. 4B) indicated a slope
corresponding to K, = 10 nM, in fair agreement with values
reported for the 100,000 X g pellet from mouse skin (14) and
chicken embryo fibroblasts (12). Saturation of binding sites
(B,..,) was obtained at =200 fmol of [*H]PDB bound per 10°
cells. The total number of saturable binding sites per cell was
calculated to be =120,400.

Inhibition of [*H]PDB Binding by Phorbol Ester Tumor
Promoters. The relative abilities of various tumor promoters to
inhibit the binding of labeled PDB to intact primary epidermal
cells were compared. Data from a representative experiment
(Fig. 5) shows that PMA and DPD competed very effectively
with labeled PDB. However, PMA was more potent than DPD
in inhibiting the binding of [*H]PDB. Binding of [*’H]PDB was
also inhibited by the resiniferonol derivative, mezerein, a di-
terpene similar to PMA in its biochemical and morphological
effects and a potent stage II promoter (22, 23). 4-O-methyl
PMA, which has been shown to be a stage I tumor promoter
in mouse skin (see refs. 8, 22, and 23), also competed for about
20-25% [*H]PDB binding sites at 1 uM concentration. DHT-
B, a derivative of teleocidin B, which is similar to PMA in in-
ducing biochemical events (24), also inhibited [PH]PDB binding
and has proved nearly as effective a promoter as PMA in a mouse
skin tumor promoting assay (unpublished results). Unlike the
biologically active phorbol ester PMA, the parent diterpene
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FiG. 4. Equilibrium specific [*HIPDB binding to intact epidermal
cells as a function of ligand concentration. The concentration of
[°H]PDB was adjusted by adding various amounts of the ligand to the
culture plates (2.2 x 106 cells per plate). Incubation was carried out
at 4°C in the absence or presence of 30 uM unlabeled PDB for 45 min.
Each point is the mean of triplicate assays done on three separate
plates. Scatchard (21) plot of (B) specific "HIPDB binding data.

phorbol did not compete for [PH]JPDB binding sites.
Another tumor promoter, anthralin, which is structurally
different from the phorbol ester promoters, was unable to in-
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Fic. 5. Displacement of [PH]PDB binding from intact primary epi-
dermal cells. Each plate contained ~27 nM of [*H]PDB and various
concentrations of promoters and related compounds. The reaction was
performed at 4°C for a period of 45 min. Each point is the mean of three
assays carried out on three separate plates.
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FiG. 6. Epidermal cells were exposed to P;/NaCl (e), 10 uM RA
(0), or 4 uM FA (») for 24 hr. Cells were washed with three 1.5-ml
portions of P;/NaCl, and binding was carried out at 4°C as described
in Materials and Methods.

hibit [*'H]PDB binding to epidermal cells. This observation sug-
gests that this compound may have a different site of action than
PDB. Similar results with anthralin have been obtained using
mouse skin particulate preparations (14). Chrysarobin, which is
closely related in structure to anthralin but 4 or 5 times more
potent as a promoter in mouse skin, did not have any effect on
[*H]PDB binding (data not shown).

Lack of Inhibition of [*H]PDB Binding by Antipromoting
and Hyperplastic Agents. FA and RA, which are potent inhib-
itors of tumor promotion by phorbol esters in mouse skin
(25-27), had no effect on [*H]PDB binding to intact epidermal
cells at concentrations up to 1 uM (data not shown), suggesting
that these compounds do.not interfere with the initial inter-
action of phorbol esters with the cell surface. Our findings are
consistent with an earlier report (14) that there was no com-

petition for binding sites between RA or FA and [*H]PDB in.

the 100,000 X g particulate fraction from mouse skin. In ad-
dition ethyl phenyl propiolate (EPP), a purely hyperplastic
agent, at 1 uM did not affect [3H]PDB binding to epidermal
cells (data not shown).

An attempt was also made to determine whether RA or FA
treatment altered the characteristics of [°H]PDB binding to in-
tact cells; no measurable differences were observed (Fig. 6).
Treatment of cells with RA or FA for 24 hr did not alter the
specific [*H]PDB binding to cells at ligand concentrations up
to 108 nM.

DISCUSSION

Recent investigations (9-11) suggest that the primary interac-
tion of phorbol ester tumor promoters is with the cell surface.
In view of the fact that phorbol ester promoters have multifac-
eted effects in various biological systems (3, 6, 7), the specificity
of this interaction has been questioned. Because of similarities
between the biochemical changes induced by epidermal growth
factor and by PMA (10), the growth factor receptor was pre-
dicted to be a candidate for PMA interaction. However, kinetic
studies of the inhibition of growth factor binding by PMA have
resulted in variable data (10; 11, 28-30), and the results to date
have shown that the inhibition is not due to direct competition
of PMA for the growth factor receptor. This report demonstrates
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specific binding of phorbol esters and related promoters to in-
tact epidermal cells. These results are consistent with the recent
report (14) that phorbol ester promoters have specific binding
sites in the 100,000 X g particulate fraction from mouse skin.

The rapid .down regulation of bound [*H]PDB observed in
these cells may be a general mechanism that also takes place
in other cell types. A similar down regulation of [PH]PDB was
observed in human promyelocytic leukemia cells (31) and in a
mouse epidermal cell line (unpublished results). Because PDB
is not metabolized or inactivated by epidermal cells in 1 hr
(unpublished results), the apparent loss of [*H]PDB binding is
not due to its metabolism. The loss of bound [*H]PDB appears
to result from conformational changes in the binding sites. Also,
after down regulation, the measured radioactivity associated
with the cells may be a consequence of interiorized.
ligand-receptor complexes. In addition, our data also show that
PDB-induced down regulation in epidermal cells appears to be
specific to the class of biologically active phorbol esters; prior
exposure of cells to PMA, but not to phorbol, resulted in a re-
duction in the number of binding sites for [*H]PDB. It should
be remembered that phorbel does not compete for [*H]PDB
binding sites.

The down regulation of the binding of several hormones
(16-20, 30), including epidermal growth factor (10, 28-30, 32,
33), occurs via a process of internalization of hormone-receptor
complexes. The down regulation of [*H]PDB binding sites is
prevented-at 4°C in a fashion similar to that of several other
hormones (18, 28, 29) that have been shown to be internalized
by a receptor uptake process. Because internalization occurs
with epidermal growth factor and several hormones, it may be
the case with phorbol esters but we do not have any evidence
for this. The process of internalization in some cell types (18-20)
but not in others (34) is prevented by alkylamines such as meth-
ylamine and cadaverine. Our data show that the down regula-
tion of [*H]PDB binding in epidermal cells is not prevented by

these agents.

The loss of specific [*H]PDB binding in epidermal cells is one
of the most rapid examples of down regulation thus far observed.
The physiological significance of such a rapid loss of bound
[*H]PDB from these cells has yet to be determined. Also, 1-hr
exposure of epidermal cells to PMA (followed by removal of the
PMA from the medium) was sufficient to stimulate DNA syn-
thesis and ornithine decarboxylase activity in a manner similar
to that produced by long exposure to PMA (35). Thus, the ob-
served down regulation may be a regular feature occurring
when cells are exposed to phorbol diesters.

Despite the difficulties in making measurements at 37°C due
to the rapid down regulation of specific [*H]PDB binding, a
satisfactory characterization of the [*H]PDB binding was ac-
complished at 4°C. Specific binding of [*H]PDB was rapid and
fully reversible. Binding sites were saturable (Kp = =10 nM)
and limited in number to-=1.2 X 10° per cell.

The specificity of [*H]JPDB binding to epidermal cells was
demonstrated by an experiment that showed that the biologi-
cally active phorbol esters PMA and DPD inhibited [*H]PDB’
binding whereas 4-O-methyl PMA only partiallly inhibited it.
Phorbol, the inactive parent diterpene, had no effect. The par-
tial displacement of [*’H]PDB by 4-O-methyl PMA is important
in view of the fact that this compound serves as a stage I pro-
moter in the two-stage tumor-promotion protocol in mouse skin
(8, 22, 23). Thus, there may be two separate elasses of receptors,
one for each stage of promotion. The stage I promotor 4-O-
methyl PMA would only be expected to displace [PH]PDB only
from the sites specific for this stage.

Two other compounds, mezerein and DHT-B, that induce
cellular and biochemical responses very similar to those pro-
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duced by PMA (22-24), were potent inhibitors of [*H]PDB
binding. Naturally occurring promoters other than the phorbol
esters may therefore initiate similar biochemical responses by
binding to the same sites. DHT-B, a derivative of teleocidin B
isolated from the mycellia of .Streptomyces 2A 1563 (36), is
nearly as potent as PMA in inducing tumors in mouse skin.
Tumor promoters such as anthralin and chrysarobin, which are
structurally unrelated to phorbol ester promoters, did not com-
pete with [°H]PDB. Thus, these compounds may have different
sites of action than PDB. The possibility of promotion by a dif-
ferent mechanism by these agents cannot be ruled out. Fur-
thermore FA- or RA-induced inhibition of tumor promotion
(25-27) is not mediated through alterations in the phorbol ester
binding sites. Our data also suggest that RA and FA and EPP,
a hyperplastic agent, do not exert their effects by binding to the
binding sites that bind the phorbol esters.

Comparison of the relative abilities of various phorbol esters
and related promoters to compete for [*H]PDB binding showed
that PMA was a more effective competitor for the [*H]PDB sites
than DPD, mezerein, or DHT-B. The relative order of these
promoters for the inhibition of [PH]PDB binding was PMA >
DHT-B > DPD = mezerein > 4-:O-methyl PMA. This is also
the relative order of the tumor-promoting activities of these
compounds in the one-stage promotion assay in mouse skin. In
summary, these results suggest that phorbol ester-receptor
binding and processing, perhaps by down regulation, may be
involved in tumor promotion by these agents.
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