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Tumor-Promoting Phorbol Esters Inhibit Binding of

Epidermal Growth Factor to Cellular Receptors

Abstract. Tumor-promoting phorbol esters and related plant macrocyclic diter-
penes inhibit the binding of epidermal growth factor to its receptors on HeLa cells.
This effect shows marked structural specificity and correlates with other biological
effects of these compounds on mouse skin and in cell culture systems. The active
compounds inhibited binding of **I-labeled epidermal growth factor with a 50 per-
cent effective dose in the range of 10~° to 10~°M. Inhibition appears to be due to a
decrease in the number of available epidermal growth factor receptors rather than a
change in receptor affinity. These results suggest that certain biologic effects of tu-
mor promoters may result from alterations in the function of cell surface receptors

involved in growth regulation.

Tumor-promoting agents are an in-
triguing class of compounds since, al-
though they do not themselves induce
cancer, they markedly enhance the pro-
duction of skin tumors when repeatedly
applied to mouse skin previously ex-
posed to a low dose of a chemical carcin-
ogen (/, 2). Elucidation of the molecular
action of tumor promoters would aid in
the design of rapid screening systems for
the detection of such agents in the hu-
man environment and would facilitate an
understanding of the enigmatic multi-
stage carcinogenic process. The most
potent tumor promoter is 12-O-tetrade-
canoyl phorbol-13-acetate (TPA). It is
the active principle of croton oil (Z, 2),
which was originally used as a promoting
agent in the two-stage mouse skin carcin-
ogenesis system developed by Ber-
enblum and co-workers [see (2)].

Recent studies on mouse skin and with
cell cultures have revealed a number of
novel biologic and biochemical effects of
TPA and related compounds (/-3). In
cell culture systems TPA induces several
phenotypic changes which resemble
those seen in cells transformed by virus-
es or chemical carcinogens (3). This
mimicry of transformation includes al-
tered cell morphology and increased sat-
uration density, alterations in lipid me-
tabolism and cell surface glycoproteins,
enhanced membrane transport of 2-de-
oxyglucose and possibly other nutrients,
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induction of the enzymes plasminogen
activator and ornithine decarboxylase,
and induction of prostaglandin synthesis
). TPA also enhances the transforma-
tion of cells in culture previously ex-
posed to a chemical carcinogen (5).
Another category of effects of TPA in
cell culture is inhibition of terminal dif-
ferentiation. This has been seen in cell
cultures of diverse species and types and
extends to a variety of programs of dif-
ferentiation (6). Studies on mouse skin
and epidermal cultures also suggest that

Table 1. Effects of tumor promoters on cellu-
lar binding of [***IJEGF. Binding assays were
done with Hela cell cultures essentially as
described in Fig. 1. Test compounds were
added at a concentration of 100 ng/ml to the
binding buffer containing 0.225 ng of

[**IJEGF.
Test compounds [***IJEGF bound
(count/min)
None 6149
12-O-tetradecanoyl 255

phorbol-13-acetate (TPA)

Phorbol 5792
4-0-Me TPA 5510
Phorbol didecanoate 1349
Phorbol dibenzoate 2160
4aPDD 5956
Mezerein 620
Gnidipalmin 5457
Gnidimacrin 20-palmitate 5409
Gnilatimacrin 491
Gnidilatin 1042
Anthralin 6076

TPA interferes with epidermal differen-
tiation (Z, 2, 7).

These and other findings have led us to
postulate that TPA acts by usurping the
function of a cell receptor or receptors
whose normal function is to mediate the
action of a yet to be identified endoge-
nous growth regulator or hormone (3).
Consistent with this hypothesis are (i)
the low concentration at which TPA acts
in cell culture (approximately 1078 to
10-1°M); (ii) the remarkable similarity in
structural requirements seen when a va-
riety of active and inactive phorbol es-
ters and related macrocyclic diterpenes
are tested in diverse systems; and (iii)
the highly pleiotropic and reversible ef-
fects of these compounds. Since the
earliest effects of TPA appear to occur at
the cell membrane ¢, 8), we further pos-
tulated that the putative receptors are on
the cell surface and the growth regulator
may be a polypeptide hormone.

A possible candidate for the poly-
peptide hormone is epidermal growth
factor (EGF), since it shares a number of
biologic effects with TPA. These in-
clude stimulation of proliferation of
both epidermal and mesodermal cells, in-
crease in deoxyglucose transport (9), and
induction of ornithine decarboxylase (9)
and prostaglandin synthesis (/0). In addi-
tion, EGF has been reported to promote
tumor induction on mouse skin (/7). We
have recently found that like TPA, it is
also a potent inducer of plasminogen ac-
tivator production (/2). EGF has been
purified from both mouse and human
sources. Mouse EGF has been exten-
sively characterized. It contains 53
amino acids of known sequence (/3).
Like several other polypeptide hor-
mones, EGF exerts its effects by binding
to specific cell membrane receptors (9,
13). Mouse and human EGF are not spe-
cies-specific and compete with each oth-
er in receptor-binding studies, although
they are antigenically different (/4). The
physiological role of EGF is not fully un-
derstood.

In the present study we have found
that TPA and related macrocyclic diter-
penes of plant origin are extremely po-
tent inhibitors of EGF binding to intact
mammalian cells.

The effects of various test compounds
on the binding of '?*I-labeled EGF to
HelLa cells are given in Fig. 1 and Table
1. Binding was almost completely inhib-
ited by low concentrations (10 to 20 ng/
ml) of unlabeled EGF, indicating that we
were dealing with a specific saturable re-
ceptor. We found that extremely low
concentrations (0.25 to 50 ng/ml) of TPA
and related compounds produced a dose-
dependent decrease in ["**I]EGF binding
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(Fig. 1). At concentrations of 25 ng/ml
(4.2 x 1078M), TPA inhibited the bind-
ing of ['**I]EGF by about 90 percent. The
relative potencies of a series of com-
pounds and their median effective dose
(ED;,) values were, in decreasing order:
EGF, 1.2 ng/ml; TPA, 2.5 ng/ml; meze-
rein, 4.7 ng/ml; gnilatimacrin, 4.5 ng/ml;
gnidilatin, 21.5 ng/ml; phorbol-12, 13-di-
decanoate (PDD), 30 ng/ml; and phorbol
dibenzoate (PDB), 75 ng/ml. Phorbol,
4a-PDD, 4-O-methyl TPA (4-O-Me
TPA), gnidipalmin, and anthralin did not
have an appreciable effect on ['"*1JEGF
binding when tested at concentrations as
high as 100 ng/ml (Table 1). The inhib-
itory effect, therefore, occurs at concen-
trations as low as 1078 to 10~°M and pos-
sesses marked structural specificity and
stereospecificity for the test compounds.
In addition, the structural requirements
of the plant diterpenes for inhibition of
[***I]JEGF binding parallel, in general,
the requirements previously noted for in-
duction of plasminogen activator ¢, 15)
inhibition of differentiation of murine
erythroleukemic cells (6), and other ef-
fects in vitro (/6). On the basis of avail-
able data, our results also parallel the
structural requirements for ‘promoting
activity in the two-stage mouse skin
carcinogenesis assay (/7). Thus, TPA is
a potent promoter and PDD and PDB
are less active promoters on mouse skin

(17), whereas phorbol, 4-O Me TPA, and
4a-PDD are inactive. Anthralin is a pro-
moter on mouse skin but only at con-
centrations about 10® times higher than
the phorbol esters (7).

In all the above studies TPA or other
test compounds were added to cells si-
multaneously with the ['**IJEGF. Inhibi-
tion of EGF binding was also observed if
cells were exposed to TPA for 90 min-
utes, washed to remove unbound materi-
al, and then incubated with ['**I]EGF.
This provides evidence that the inhib-
itory effect of TPA is on cellular com-
ponents and cannot be attributed simply
to the formation of an inactive TPA-EGF
complex in the incubation medium. To
further assess the mechanism of TPA in-
hibition of EGF binding to HelLa cells,
we performed a Scatchard analysis (Fig.
2). These data were obtained after HeLLa
cell cultures were incubated for 50 min-
utes with increasing amounts of
['»I1EGF in the absence or presence of
TPA (2.5 ng/ml). They represent equilib-
rium values, since we found that in HeLa
cells EGF binding reaches an equilibri-
um at about 45 minutes after the addition
of ["**I]EGF. It remains stable for an ad-
ditional 40 minutes and after that time
the amount bound declines. The analysis
indicated that the number of EGF recep-
tors per HeLa cell is 43,500, with a dis-
sociation constant of 1.25 x 107'°A1.
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These values are in the range of those
obtained with certain other cell types
(18). In the presence of 2.5 ng of TPA per
milliliter the apparent number of EGF re-
ceptors was reduced to 22,200 but the
binding constant remained the same.
Thus TPA leads to a decrease in the
number of EGF receptors available for
['**I]JEGF but does not alter the binding
affinity of them. The data do not clearly
distinguish whether this is a direct effect
due to binding of TPA to EGF receptors
or an indirect effect—for example, TPA-
induced changes in cell membrane struc-
ture that might cause masking or degra-
dation of EGF receptors so that they are
unavailable for EGF binding. Consistent
with an indirect mechanism is the evi-
dence that TPA results in a number of
changes in cell membrane structure and
function ).

To what extent can the various biologic
effects of TPA be explained by its effects
on the function of EGF receptors? The
present results are not confined to HeLa
cell cultures because in recent studies
we have found that TPA also inhibits the
binding of [***IJEGF to human XPI fibro-
blasts (ATCC-CRL 1162) and mouse 3T3
cells (19) [unpublished studies].

Since EGF and TPA share many bio-
logic effects, it is possible that some of
the effects of TPA could result from a
triggering of the EGF effector system.

B/F

Fig. 1 (left). Inhibition of cellular binding of
[**I)JEGF by phorbol esters and related com-
pounds. The binding assays were performed

on subconfluent cell culture monolayers in 5-cm petri dishes (Nunc) according to Todaro et al. (20). HeLa cells (~6 X 10° cells per dish) were
seeded in minimum Eagle’s medium (MEM) containing 10 percent calf serum 72 hours before the binding assay. The cells were then washed twice
with 2.5-ml portions of MEM lacking serum and incubated with 0.17 ng of ['**I]JEGF (mouse, specific activity 80 uCi/ug, Collaborative Research)
in 1.5 ml of binding buffer per dish. Binding buffer consisted of Dulbecco’s modified MEM (DMEM) containing bovine serum albumin (1 mg/ml)
and 50 mM 2-[bis-(2-hydroxyethyl)amino]ethanesulfonic acid (Bes), pH 6.8. After incubation for 50 minutes at 36°C, the above medium was re-
moved and the cells washed three times with 5-ml portions of cold DMEM. The cells were then solubilized with 1 percent Triton-X-100 and 1 per-
cent sodium dodecyl sulfate and assayed for radioactivity in a liquid scintillation counter programmed for counting '2°I. Nonspecific binding was
measured by the amount of cell-bound radioactivity in the presence of unlabeled EGF (1500 ng per plate). It represented about 1 to 2 percent of
the total [***I)JEGF added, and this value was subtracted from all binding assay data. The structures and sources of the test compounds are de-
scribed elsewhere (/5). They were added to the binding buffer medium simultaneously with [***I)EGF, at the final concentrations given on the
abscissa. Cell binding of ['**I]JEGF (in the absence of test compound) was about 5000 counts per minute per plate. Data are expressed as per-
centage of the control, that is, [!**I)EGF binding in the absence of the test compounds. Abbreviations: Mr, mezerein; G-5, gnidmacrin. Fig.
2 (right). Scatchard plot of [***I)EGF binding and inhibition of binding by TPA. Binding assays were as described in Fig. 1 but were done with
various concentrations (0.25 to 8.0 ng/ml) of [***IJEGF. Saturation of the EGF receptor occurred with about 25 ng of ['*I)EGF per milliliter (4.2 X
10°M). Bound [***IJEGF (B) is expressed as (picomoles per 10¢ cells) X 10°. The concentrations of ['**IJEGF in the binding solution (F) is in mo-
larity. All.-data are corrected for nonspecific binding (see legend for Fig. 1). Symbols: e, binding of ['**I]EGF; o, binding of ['**I]EGF in the pre-
sence of 2.5 ng of TPA per milliliter.
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The finding of Todaro et al. that murine
cells transformed by sarcoma viruses
have a decrease in EGF receptors (20)
further suggests that changes in the EGF
effector system may play an important
role not only in the carcinogenic process
but also in maintenance of the trans-
formed state. On the other hand, we
must emphasize that it is not clear that
all of the actions of TPA are shared by
EGF. In addition, there are cell types
that appear to lack EGF receptors yet
are responsive to TPA (19, 21). It seems
likely, therefore, that the diverse biolog-
ic effects of TPA are not mediated entire-
ly by the EGF receptor system. The abil-
ity of TPA to produce EGF-like effects
on cell function may reflect a more gen-
eralized alteration in cell membrane
structure and function induced by TPA.
Nevertheless, even such secondary ef-
fects of TPA could lead to alterations in
growth control.
LiH-SYNG LEE
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Institute of Cancer Research and
Division of Environmental Science,
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The Attention Operating Characteristic:

Examples from Visual Search

Abstract. Even in the absence of eye movements, we show that subjects are able,
upon instruction, to selectively attend to certain kinds of targets and parts of visual
arrays. The major mechanism of altering attention is the switching of attention from
trial to trial, although intermediate states of shared attention do occur. Attention
operating characteristics are shown to be a useful way of describing such data and of
assessing the compatibility of tasks to be performed simultaneously.

The primary mechanisms of visual at-
tention are overt physical acts: turning
the eyes, head, and body toward the ob-
ject of attention. Nevertheless, within a
single eye fixation, attention can deter-
mine what parts of a complex stimulus
will be remembered (/) and, in a simple
reaction-time task, which reaction-stim-
uli will elicit fast and which will elicit
slow responses (2). In contrast to these
results in memory and reaction-time
tasks (which involve complex short-term
memory and response processes), in vi-
sual detection tasks (which primarily in-
volve perceptual mechanisms) there is,
as yet, no evidence that selective atten-
tion can alter processing within a brief
exposure. In fact, there are many experi-
ments that have been interpreted to
mean that attention does not play an im-
portant role in detection (3, 4).

To demonstrate the crucial role of at-
tention in visual detection, we used a
variant of the classical visual search
technique. In classical visual search, the
subject examines an array of stimuli
(background objects) for a target object
by moving his eyes over the array (5).
While the pattern of eye movements is
interesting in itself (6), it adds a compli-
cation not under experimental control to
the analysis of attention. Therefore, in
our experiments eye movements are
eliminated by having the subject keep his
eyes fixated on the center of a display
and presenting new stimuli to him every
240 msec. This method allows precise
control over the flow of visual stimuli
while approximating the sequence the
eyes produce for themselves in sponta-
neous visual search.

We present a sequence of arrays of al-
phanumeric characters, preceded by a
fixation field, on a cathode-ray tube (7).
The subject’s task is to detect two nu-
merals (the target characters) among up-
percase letters of the alphabet (back-
ground characters). The targets occur in
only one array, the critical array. This is
preceded by a random number (from 7 to
12) of noncritical arrays and followed by
at least 12 more noncritical arrays. The
subject does not know which array will
contain the target characters, nor which
of the ten numerals will occur, nor where
in the array they will be located. His task
is to report the identity and location of
each of the target characters and his de-
gree of confidence in the correctness of
each report 8, p. 209).

In a previous study (3) using a similar
paradigm, Sperling et al. observed that a
subject can scan for an unknown one-of-
ten numeral as effectively as for a partic-
ular known numeral. They concluded
that subjects scan for ten numerals in
parallel. They further noted that subjects
can scan 15 to 25 locations of an array in
parallel. The purpose of the present ex-
periment was to determine whether sub-
jects could selectively attend to certain
parts and kinds of targets in the array,
even in a situation in which eye move-
ments (should they occur) would be of
no benefit.

We used the experimental paradigm
described above, in which the critical ar-
ray contained two different target numer-
als, chosen independently (9). The sub-
ject’s task was to report both numerals,
both locations, and two confidence rat-
ings. Sample arrays are shown at the top
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