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ABSTRACT

Previous results have established that 12-0-tetradecanoylphorbol-13-
acetate (TPA)-type tumor promoters can alter the properties of the
epidermal growth factor (EGF) receptor through activation of protein
kinase C. In order to determine whether other, non-TPA-type tumor
promoters might similarly influence growth-mediating receptors, we in
vestigated the effect of palytoxin on EGF binding in Swiss 3T3 fibroblasts
and human epidermal carcinoma (A431) cells. In both cell types, pre
treatment with a low dose of palytoxin (1-11 pM) at 37Â°Ccauses a

decrease in EGF binding. In Swiss 3T3 cells the inhibitory effect is
temperature dependent and does not occur at 4"< , indicating that paly-

toxin is not directly competing with EGF for binding. As assessed by
effects on DNA synthesis, palytoxin is not toxic at these concentrations
and does not appear to be mitogenic for these cells. Although palytoxin,
like phorbol esters, alters EGF binding, its action in Swiss 3T3 cells
differs from that of TPA-type tumor promoters in at least 4 respects: (a)
the kinetics and dose dependence differ significantly from that of phorbol
dibutyrate; (b) the effect is not readily reversible; (r ) there is loss of low-
affinity as well as high-affinity binding sites; (</)the effect is independent
of cellular protein kinase C levels. These results indicate that palytoxin
is capable of heterologous regulation of the EGF receptor through a novel
mechanism and suggest that certain non-TPA-type tumor promoters as
well as TPA-type tumor promoters may act in part through modulation
of growth regulatory pathways.

INTRODUCTION

In the past decade, tumor promoters have become valuable
tools for studying the regulation of cell growth. The TPA3-type

tumor promoters, which include phorbol esters, teleocidin, and
aplysiatoxin, all bind to and activate protein kinase C (reviewed
in Ref. l), a Ca2+ phospholipid-dependent kinase that appears

to be a critical component of many growth factor signaling
systems (2). Recently, a new class of non-TPA-type tumor
promoters has also been identified. Among the most potent is
palytoxin, a water-soluble tumor promoter of M, 2681 isolated
from the coelenterate of the genus Palythoa (1). The structure
of palytoxin was first determined in 1981 independently by
Moore (3) and MÃrala(4). This compound acts as a tumor
promoter in the 2-stage mouse skin promotion assay but fails
to induce ornithine decarboxylase in mouse skin and does not
bind to protein kinase C (1). The novel aspects of this non-
TPA-type tumor promoter raise the question of how palytoxin
acts on a cellular level.

Tumor promoters can induce a number of biological re
sponses in cell culture systems (5). Both palytoxin and TPA-
type tumor promoters stimulate arachidonic acid metabolism
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in rat liver cells (6) although palytoxin is at least 1000 times as
potent as TPA. Furthermore, palytoxin acts synergistically with
TPA-type tumor promoters or l-oleoyl-2-acetyl-glycerol, an
activator of protein kinase C, to promote prostaglandin release
(6, 7). Palytoxin is also synergistic with TPA-type tumor pro
moters in the stimulation of histamine release from rat perito
neal mast cells (8). These results suggest that the non-TPA-
type tumor promoter palytoxin can act through a pathway that
is distinct from that of the TPA-type tumor promoters.

One well-characterized response to TPA-type tumor pro
moters that relates to growth control is transmodulation of the
EGF receptor. We (9,10) and others (reviewed in Ref. 11) have
shown that TPA-type tumor promoters inhibit EGF binding to
a class of high-affinity receptors and block EGF-stimulated
tyrosine kinase activity. Since these effects appear to be medi
ated by protein kinase C, we determined whether the non-TPA-
type tumor promoter palytoxin also alters EGF receptors and,
if so, whether a similar mechanism is involved. The results
indicate that palytoxin, like TPA-type tumor promoters, inhib
its EGF binding. However, the mechanism by which palytoxin
alters EGF binding differs from that of the TPA-type tumor
promoters. These observations indicate that a non-TPA-type
tumor promoter, like TPA-type tumor promoters, can act as a
negative regulator of the EGF receptor system.

MATERIALS AND METHODS

Materials. Mouse EGF (BiomÃ©dicalTechnologies, Inc.) was iodi-
nated by the chloramine-T method to a specific activity of approxi
mately 1-2 Ci/fimol using [125I]Na (Amersham). Phorbol diterpene

esters were purchased from Sigma. Palytoxin was isolated from Paly
thoa tuberculosa as previously described (4).

Cultures. Swiss 3T3 cells were grown in a gassed (5.5% CO?) humid
ified incubator in DME supplemented with 10% heat-inactivated FCS.

QuantitÃ¤ten of 125I-EGFBinding. In order to compare our results to
those with the TPA-type tumor promoters and to obtain greater sensi
tivity, we have performed most of our studies using subsaturating levels
of EGF which detect primarily the high-affinity sites. A431 cells and
Swiss 3T3 cells were plated in 24 well dishes at a concentration ranging
from 50,000 to 100,000 cells/ml. A431 cells were assayed the day after
plating. Swiss 3T3 cells were grown to confluence (approximately IO5

cells/well). The media were removed and replaced with DME contain
ing 0.1% FCS the night before assaying. In order to generate cells
having different levels of protein kinase C, cultures were treated for an
additional 72 h with 0, 20, 200. or 2000 niu PDBu in DME/0.1% FCS
as previously described (12, 13). This treatment reduces protein kinase
C levels to approximately 100, 60, 4, and 1% of control levels, respec
tively. The cultures were then washed 4 times with binding media
(DME containing 0.1% ovalbumin) over a period of 2 h at 37'C. The

media were removed, and appropriate agents were added in a total
volume of 0.4 ml binding media for the times indicated in the figure
legends. Each variable was tested in triplicate. Cells were then placed
on ice and washed with binding media. I25I-EGF (0.05-0.1 DM) in
binding media was added for 4-6 h at 4'C. This concentration of 125I-

EGF binds primarily to high-affinity EGF receptors, as demonstrated
by the 80% reduction in cpm bound after 37Â°CPDBu treatment of cells

that had not been depleted of protein kinase C. Finally, cells were
washed, lysed, and quantitated for specific I25I-EGF binding. Data were
normalized to the amount of specific I25I-EGF binding to cells that
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were treated with binding media alone. In general, the cpm bound
ranged from 1000 to 4000 cpm with a standard deviation of 5-10%.
The nonspecific EGF binding was 100-250 cpm. The specifics for each
experiment presented here are given in the figure legends. Binding and
Scaldi ani analyses using I site and 2-site computer models were fit
using a nonlinear regression program developed by M. BÃ¶iger,Labsoft
Solutions, Los Alamitos, CA. All observations were based upon data
from at least 2 independent experiments.

DNA Synthesis Assays. DNA synthesis was monitored by incorpo
ration of | 'I I|ihymiilinc into trichloroacetic acid-precipitable material

as described by McCaffrey and Rosner (12).

RESULTS

l'alvi oxÂ¡nInhibition of EGF Binding to Swiss 3T3 and A431

Cells. To determine whether palytoxin could modify EGF re
ceptors in murine Swiss 3T3 cells, which are mitogenically
responsive to EGF, or in human epidermal carcinoma (A431)
cells, which have elevated numbers of EGF receptors, changes
in EGF receptor binding were monitored. Cells were initially
treated at 37Â°Cfor 15-120 min with different doses of palytoxin

(1-11 PM) or 15-60 min with different doses of PDBu (2-200
nM). These cells were then washed and incubated at 4Â°Cwith
I25I-EGF and cell-associated radioactivity was determined. The

results indicate that, in both cell types, palytoxin caused inhi
bition of EGF binding (Fig. 1). At the highest dose, 11 pM, the
inhibitory effect was beginning to plateau by 30-60 min; at the
lower doses, at least 2 h were required to reach the equivalent
level of inhibition. These kinetics differ significantly from those
of TPA-type tumor promoters such as PDBu, which achieve
maximal inhibitory levels at all doses within 15 min (Fig. 1).
In the case of PDBu, the maximal inhibition occurs rapidly in
a strictly dose-dependent manner, whereas in the case of paly-
toxin, the maximal inhibition occurs at a slower rate and is
similar for the different doses.

In contrast to PDBu. the palytoxin effect on EGF binding is
not rapidly reversed. Swiss 3T3 cells were incubated with pal
ytoxin (1 and 11 PM) or PDBu (200 HM)for up to 120 min, the
tumor promoter was removed by extensive washing, and the
cells were incubated in binding media alone for 0 (Fig. 2, left)
and 90 min (Fig. 2, right) prior to assay of EGF binding. No
difference in the maximal inhibition of EGF binding was ob
served independent of the time of removal of palytoxin. sug
gesting that the cells do not rapidly recover from the effects of

palytoxin treatment (Fig. 2). By contrast, removal of PDBu by
washing releases the cells rapidly from the inhibitory effect.
Although it is possible that the palytoxin is not completely
removed by this treatment, the compound readily dissolves in
water and should be more easily removed than the hydrophobic
phorbol esters. Thus, these results, in combination with the
time course, suggest that the effects of palytoxin treatment are
not rapidly reversible.

To ensure that palytoxin is not directly competing with EGF
for binding, the effects of exposure of Swiss 3T3 cells to
palytoxin at 4Â°Cwere determined. Cells were exposed to 125I-
EGF for 4 h at 4Â°Cin the presence or absence of palytoxin,

PDBu, or EGF, and the relative level of bound EGF was
determined. As indicated in Table 1, palytoxin had no effect on
the level of EGF binding over a concentration range from 1-
11 pM. l'n labeled EGF (1 /ig/ml), by contrast, was an effective

competitor for binding of labeled EGF. A limited amount of
inhibition by PDBu was also noted, suggesting that some acti
vation of protein kinase C at this temperature is occurring.
These results indicate that palytoxin is not inhibiting EGF
binding through direct competition with EGF for the receptor
and that the mechanism is temperature sensitive and may reflect
an energy-dependent process.

Inhibition of EGF binding by palytoxin could be due to a
decrease in receptor affinity, as in the case of TPA-type tumor
promoters, and/or a decrease in receptor number. EGF binding
data from several independent experiments were fit to I -siti-
ami 2-site ligand association models using a nonlinear regres
sion computer program which provides best-fit estimates for
the dissociation constants and receptor numbers. The dissocia
tion constants for the 2 EGF receptor classes were approxi
mately 2 X 10~'Â°and 2 x IO"8 M, corresponding to approxi
mately 1 x 10* and 1 x 10* receptor molecules per cell,

respectively. Scatchard analysis revealed that treatment of the
Swiss 3T3 cells with palytoxin, like PDBu, caused an apparent
loss in high-affinity binding (Fig. 3). In addition, palytoxin also
caused a significant (approximately 50%) decrease in low-affin
ity EGF receptor binding sites. Comparable results were ob
tained with A431 cells (data not shown).

Mechanism of Palytoxin Inhibition of EGF Binding Independ
ent of Protein Kinase C. The differences between palytoxin and
PDBu in kinetics and temperature dependence suggest that
these 2 classes of tumor promoters may be acting through
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Fig. 1. Effect of tumor promoter treatment on binding of '"I-EGF to Swiss 3T3 cells or A431 cells. Confluent quiescent Swiss 3T3 cells (A and B) or sparse

cultures of A431 cells (C and /)) were treated for the indicated times at 37*C with the following: A. 2 nM PDBu (O), 20 nM PDBu (A), 200 nM PDBU(ID: or //. I PM
palytoxin (â€¢),3.7 pM palytoxin (A). 11 p\i palytoxin (â€¢).Cultures were subsequently washed and assayed for '"I-EGF binding at 4"( ' as described in "Materials and
Methods." Data expressed as percentage of 125I-EGFbinding in cells treated with either PDBu or palytoxin relative to control cells. Specific binding of I25I-EGF

containing 100% for control cells ranged from approximately 800 cpm for Swiss 3T3 cells to 10.000 cpm for A431 cells. Points, mean of triplicate samples Â±SD.
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Fig. 2. Reversibility of tumor promoter inhibition of EOF binding to Swiss
3T3 cells. Confluent quiescent cultures of Swiss 3T3 cells were incubated for the
indicated times at 37*C with 1 pM palytoxin (â€¢),11 pM palytoxin (â€¢),or 200 DM
PDBu (D). Cells were then washed and either assayed at 4'C for '"I-EGF binding
as described in "Materials and Methods" (left) or incubated for an additional 90
min at 37'C in the absence of tumor promoter and then assayed for '"I-EGF
binding (right). Data expressed as percentage of '"I-EGF binding in cells treated
with either PDBu or palytoxin relative to control cells. Specific binding of ' "I

EGF constituting 100% for control cells was approximately 3000 cpm for Swiss
3T3 cells. Points, mean of triplicate samples Â±SD.

Table 1 Effect of palytoxin and PDBu treatment at 4'C on EGF binding to Swiss

3T3 cells
Treatment*No

addition
Palytoxin (1 pM)
Palytoxin (3.7 pin)
Palytoxin (11 pM)
PDBu (2 n\i )
PDBu (20 nM)
PDBu (200 nM)
EGF(1 (ig/ml)'"I-EGF

bound(cpm)*1327

Â±91
1395 Â±50
1358 Â±44
1416Â±291237

Â±28
938 Â±24
754 Â±36
156 Â±25125I-EGF

bound(%)100

105
102
107
93
71
57
12

* Cells were incubated with the indicated compound in the presence of 125I-
EGF for 4 h at 4'C and then assayed as described in "Materials and Methods."

h Mean of triplicate determinations Â±SD.

different mechanisms. To determine at which point the 2 path
ways differ, we compared the relative ability of palytoxin and
PDBu to inhibit EGF binding in protein kinase C-depleted
cells. Confluent quiescent Swiss 3T3 cells were depleted of
protein kinase C to various extents by exposure to 0, 20, 200,
or 2000 nM PDBu for 72 h. We have assayed previously the
protein kinase C activity in these cells by determining the
amount of Ca2+-phospholipid-activated kinase activity in
DEAE-cellulose fractions of cell extracts. The results indicate
that this treatment depletes cells of protein kinase C in a dose-
dependent manner (13).

Changing cellular levels of protein kinase C in Swiss 3T3
cells did not significantly affect the ability of palytoxin to inhibit
EGF binding. In cells depleted of protein kinase C, inhibition
of EGF binding by palytoxin over a 10-fold range in concentra
tion and 2-h time course was comparable to that observed in
control cells (Fig. 4, C and D). In contrast, depletion of protein
kinase C in these cells dramatically reduced the ability of PDBu
to inhibit EGF binding over a 100-fold range in PDBu concen
tration (Fig. 4, ( and B). Similarly, in cells depleted of protein
kinase C to different extents by pretreatment for 72 h with 0-
2000 nM PDBu, no dependence of palytoxin (11 pM) upon
protein kinase C was seen (Fig. SB), whereas PDBu action is
highly dependent upon cellular levels of protein kinase C (Fig.
5A). Scatchard analyses of EGF binding to protein kinase C-
depleted cells following challenge with PDBu were indistin
guishable from those for untreated cells (data not shown). These
experiments demonstrate that, unlike the TPA-type tumor pro
moters, palytoxin modulates EGF receptor properties in an
apparently protein kinase C-independent manner.

Low Doses of Palytoxin neither Mitogenic nor Toxic for Swiss

O 2 4 6 8 IO 12

BOUND (fmolest

Fig. 3. Scatchard analysis of 125I-EGFbinding to Swiss 3T3 cells treated with
PDBu or palytoxin. Confluent quiescent Swiss 3T3 cells were treated at 37'C

with solvent (O) or 200 nM PDBu (â€¢)for 15 min (upper panel) or with solvent
(O) or 11 pM palytoxin (â€¢)for 60 min (lower panel). Cells were then assayed at
4'C 125I-EGF binding as described in "Methods and Materials." Experiments in

the 2 panels were done independently with different preparations of EGF.

3T3 Cells. To ensure that the effect of palytoxin on EGF binding
was not a consequence of cell toxicity, we monitored the level
of DNA synthesis in Swiss 3T3 cells in the presence or absence
of palytoxin. As shown in Table 2, when palytoxin was added
to cells and incubated with 10% fetal calf serum and f'Hj-

thymidine for a period of 19.5 h, no depression in the extent of
thymidine incorporation into DNA was detected at doses up to
3.7 pM; in fact, a slight elevation in the level of DNA synthesis
was noted at the lower concentrations. Although the higher
concentration (11 pM) of palytoxin was toxic when present for
19 h, under the conditions of the assays described above no
toxicity was detected (Table 2). When added to cells in the
presence of 0.1% fetal calf serum and [3H]thymidine, palytoxin

did not stimulate significant incorporation of thymidine into
DNA. Thus, although it can modulate the EGF receptor system,
palytoxin alone under these conditions is not mitogenic for
these cells.

DISCUSSION

The results presented here demonstrate that the non-TPA-
type tumor promoter palytoxin, like the TPA-type tumor pro
moters, can inhibit EGF binding. However, significant differ
ences in time course, dose response, reversibility, effect on
receptor number, and dependence upon protein kinase C indi
cate that the mechanism of action of palytoxin is one that has
not been previously described. The effect of TPA-type tumor
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A CONTROL B DOWN MODULATED Table 2 Effect of paly toxin on ONA synthesis in Swiss 3T3 cells

D DOWN MODULATED

80 80 120120 0 40
TIME (mm)

Fig. 4. Effect of protein kinase C depletion on inhibition of EGF binding to
Swiss 3T3 cells by PDBu and palytoxin. Confluent quiescent cultures of Swiss
3T3 cells were treated for 72 hours with either 0.1% PCS plus solvent (A and C)
or 0.1% FCS plus PDBu (200 n\i) to generate protein kinase C-depleted cells (H
and D) as described in "Materials and Methods." Cells were then treated at 37'C

for the indicated times with 2 mi PDBu (O), 20 n\i PDBu (A), 200 n\t PDBu (D)
(panels . I and /() or 1 JIMpalytoxin (â€¢),3.7 p\i palytoxin (A), 11 pM palytoxin
(â€¢)(panels C and D). Specific binding of '"I-EGF constituting 100% was
approximately 1800 cpm for control cells and 2200 cpm for down-modulated
cells. Other conditions were as described in the legend to Figure 2.

100

30 60 90 120 0

TIME (mm)

Fig. 5. Relationship between levels of protein kinase C and inhibition of EGF
binding to Swiss 3T3 cells by PDBu and palytoxin. Confluent quiescent Swiss
3T3 cells were pretreated for 72 h with 0.1% FCS plus solvent (â€¢,x*), 20 nM
PDBu (O), 200 nM PDBu (A) or 2000 HMPDBu (D). Cells were then washed and
treated with either 200 nM PDBu (left) or 11 p\i palytoxin (right) for the times
shown and assayed for EGF binding as described in "Materials and Methods."

Other conditions were as described in the legend to Figure 2. The data for 200
nM PDBu* are composites of two independent experiments.

promoters on EGF binding is rapid, reversible, and highly dose
dependent; the extent of inhibition of EGF binding is directly
proportional to the level of protein kinase C, consistent with
direct activation of the enzyme by these agents. By contrast,
the non-TPA-type tumor promoter palytoxin inhibits EGF
binding with slower kinetics and is not readily reversible; the
extent of inhibition of EGF binding reaches a maximum level
almost independent of the initial dose of palytoxin. One expla
nation for the difference between the time courses for palytoxin
and PDBu action is that the time for tumor promoter action
reflects the time of transport of the agent to its cellular target.
However, studies on palytoxin-induced changes in ion flux

Treatment"10%

PCS'
10%FCS + PTX(11 PM)'

10% FCS
10% FCS + PTX (1 pM)
10% FCS + PTX (3.7 PM)
10% FCS + PTX (11 pM)
0.1% FCS
0.1%FCS + PTX(3.7pM)
0.1% FCS + PTX (11 pM)[3HJThymidine

in- [3H]Thymidine
corporated (cpm)* incorporated(%)86,312

Â±2,537
126,999 Â±9,288
82,287 Â±626

105,780 Â±9,735
99,502 Â±3,457
32,067 Â±5,207
27,631 Â±609
25,915 Â±5,238
18,106 Â±1,156100

147
100
129
121
39

100
94
65

" Confluent Swiss 3T3 cells were serum starved by incubation for 48 h in DM E

containing 0.1% FCS. Cells were then incubated with the indicated compound at
37'C in the presence of [3H)thymidine, 0.1 or 10% fetal calf serum for 19.5 h,
washed, and then assayed for [3H]thymidine incorporation into DNA as described
in "Materials and Methods."

* Average of duplicate determinations Â±range.
' Cells were incubated with palytoxin for 2.5 h at 37*C, washed, and then

incubated in the presence of |3H]thymidine and 10% FCS for 19.5 h.

indicate that palytoxin can elicit a rapid response (14-16). An
alternative possibility is that palytoxin initiates a cascade of
events, generating a second messenger which is rate limiting.
In either case, these results indicate that there are at least 2
very different mechanisms by which tumor promoters modulate
cellular growth regulatory systems.

The results with palytoxin suggest that heterologous regula
tion of the EGF receptor can occur through a pathway that is
not dependent upon protein kinase C. Although we cannot rule
out the possibility that the residual protein kinase C in down-
modulated cells is hypersensitive to palytoxin, the in vitro data
(1) argue against this possibility. Recent data from our labora
tory and that of Dr. Nishizuka (23) indicate that fibroblasts
express only 1protein kinase C isozyme; therefore, it is unlikely
that differential isozyme expression can account for the results.
If palytoxin were activating protein kinase C, our own data
would suggest that the mechanism of activation would have to
be different from that previously described. Thus, the possibility
of protein kinase C involvement cannot be ruled out completely
by these experiments, but there is no evidence in support of this
interpretation.

At least 2 other studies have suggested that EGF binding
may be regulated by protein kinase C-independent mechanisms.
Pledger and coworkers observed that platelet-derived growth
factor can inhibit EGF binding in protein kinase C-depleted
Balb/c 3T3 cells (17). In Swiss 3T3 cells, we have noted that
factors in conditioned media from v-sis transformed cells are
able to block high-affinity EGF binding in cells depleted of
protein kinase C (13). However, inhibition of EGF binding by
these agents appears similar to that of the TPA-type tumor
promoters in that the effects of the platelet-derived growth
factor-related growth factors are very rapid, are strictly dose
dependent, involve protein kinase C activation under normal
conditions, and primarily affect high-affinity EGF binding. The
results we have obtained, particularly with regard to the loss of
receptor number, suggest that palytoxin is modulating the EGF
receptor through a different mechanism. It is interesting that,
in all these cases, the modulating agent is acting as a negative
regulator of the EGF receptor system.

The action of palytoxin on EGF binding is not limited to a
single cell type. Thus, both mouse fibroblasts and human epi
dermal carcinoma cells lose EGF binding sites as a consequence
of palytoxin action. We have noted some variability in the
response of the cells to palytoxin, which may be a function of
cell state as well as stability of the compound. It is possible that
some cell types are not sensitive to palytoxin or do not respond
with altered EGF binding. For example, cells that are refractory
to the hemolytic action of palytoxin have been identified (18).
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The mechanism by which palytoxin acts is not presently
known. Changes in Na+, K+, and Ca2+ flux have been noted as
a consequence of palytoxin treatment (14-16). Studies based
on the use of agents that block calcium uptake or action suggest
that calcium and calmodulin-dependent pathways may play a
role in mediating the effects of palytoxin in a number of systems
(14, 16, 19). Palytoxin alone does not appear to be an iono-
phore, since lipid bilayers are not permeable to ions even after
exposure to palytoxin (15). It has also been proposed that the
Na+, K+-ATPase mediates palytoxin action in some cells based

on inhibition of ouabain binding by palytoxin (20). However,
for many inhibitors of the enzyme, there is no direct correlation
between inhibition of the ATPase activity and inhibition of
palytoxin action (21, 22). In a number of systems the action of
palytoxin appears to be biphasically dependent upon the dose,
and it is likely that effects observed at higher doses may be a
consequence of its toxic action (16). The system that we have
described should be a useful one for resolving some of these
issues.
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