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ABSTRACT

Bryostatin 1, a macrocyclic lactone, functions like the phorbol esters
biochemically in binding to and activating protein kinase C. Biologically,
however, although it induces some phorbol ester responses such as
mitogenesis in Swiss 3T3 cells, it paradoxically blocks the effects of the
phorbol esters on differentiation in 111-60 promyelocytic leukemia cells
and Friend erythroleukemia cells. Since the phorbol esters induce prolif
eration and terminal differentiation in distinct subpopulations of epider
mal basal cells, we have now examined the action of bryostatin 1 in that
system. Bryostatin 1 decreased epidermal growth factor binding and
induced ornithine decarboxylase activity, the latter a marker of prolifer
ation. The magnitude of the maximal induction of ornithine decarboxylase
was less than for phorbol 12,13-dibutyrate. Bryostatin 1 only transiently
caused the morphological change typical of phorbol ester treatment and
did not induce transglutaminase or cornified envelope production, mark
ers of the differentiative pathway. Combined treatment with bryostatin 1
and phorbol 12,13-dibutyrate gave similar results to treatment with
bryostatin 1 alone, i.e., slight reduction to complete inhibition of phorbol
ester action, depending on the response. The mechanism may reflect time
dependent block of the protein kinase C pathway by bryostatin 1 in this
system; although bryostatin 1 inhibited epidermal growth factor binding
at short incubation times (1-2 h), by 4 h of incubation its inhibition was
markedly reduced and it correspondingly blocked inhibition of epidermal
growth factor binding by phorbol 12,13-dibutyrate. Since induction of
terminal differentiation is proposed to be an essential component of
phorbol ester mediated tumor promotion in skin, our findings suggest
that bryostatin 1 may function as an inhibitor of phorbol ester promotion.

INTRODUCTION

The phorbol esters are potent tumor promoters for mouse
skin and induce many biochemical changes in epidermis (1). In
cultured mouse epidermal cells, the phorbol esters likewise
cause a variety of biological and biochemical alterations includ
ing a change in morphology, inhibition of EGF3 binding, in

duction of ODC activity, induction of TGase activity, and
stimulation of cornified envelope formation (2-4). These
changes reflect the dual proliferative and differentiative re
sponses of subpopulations of mouse epidermal cells to the
phorbol esters (5). Induction of ODC is linked to the prolifer
ative response; induction of transglutaminase and formation of
cornified envelopes are markers of the differentiative pathway.
Yuspa et al. (5) have proposed that tumor promotion results
from the selective clonal expansion of the initiated population
subsequent to induction of differentiation of some normal epi
dermal cells by phorbol esters, enriching for initiated cells which
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are uniformly resistant to this effect and are thereby provided
with a growth advantage (6).

Considerable evidence suggests that the effects of the phorbol
esters are mediated through their receptors (7). The major
phorbol ester receptor is the Ca2+ and phospholipid-dependent
protein kinase, protein kinase C (8-10). The physiological role
of protein kinase C is thought to be signal transduction for a
wide variety of hormones and cellular effectors which cause
enhanced phosphatidylinositol turnover (11, 12).

Not only the phorbol esters but also some other tumor
promoters such as the indole alkaloid teleocidin B and the
polyacetate aplysiatoxin can bind to and activate protein kinase
C (13, 14). Protein kinase C is also stimulated by unsaturated
diacylglycerols, products of the enhanced phosphatidylinositol
turnover (11). Diacylglycerols are thus postulated to be the
endogenous phorbol ester analogues. In support of this view,
addition of appropriate diacylglycerols or treatment of cells
with phospholipase C to generate diacylglycerol in situ often
leads to phorbol ester-like effects. Nonetheless, the synthetic
diacylglycerol l-oleoyl-2-acetylglycerol does not always induce
the same responses as do the phorbol esters. In HL-60 cells,
for example, the phorbol esters induce macrophage-like differ
entiation whereas l-oleoyl-2-acetylglycerol does not (15); the
reason for this discrepancy has not been resolved.

Bryostatin 1 is a macrocyclic lactone isolated from the marine
bryozoan Bugula neritina (16). Although structurally different
from the phorbol esters, it contains a 3-dimensional array of
functional groups homologous to the postulated phorbol ester
pharmacophore. Bryostatin 1 was initially isolated based on its
anti-neoplastic activity against P-388 cells. More recent inves
tigation showed that bryostatin 1 induced a number of phorbol
ester-like effects, including mitogenesis and desensitization to
phorbol esters in Swiss 3T3 cells (17) and activation of human
polymorphonuclear leukocytes (18). Likewise, bryostatin 1 ac
tivated protein kinase C in vitro and inhibited ('H)PDBu bind

ing (17, 19). In contrast, however, bryostatin 1 did not induce
the macrophage-like differentiation of HL-60 cells, and further
blocked the phorbol ester-induced differentiation of the cells
(19). Bryostatin also blocked the inhibitory action of the phor
bol esters on differentiation of Friend erythroleukemia cells/
Because primary mouse epidermal cells show both proliferative
and differentiative responses to the phorbol esters, determina
tion of the response to bryostatin 1 in this system promised to
be of particular interest.

MATERIALS AND METHODS

PDBu (Sigma, St. Louis, MO) was dissolved in dimethyl sulfoxide
at a concentration of 50 //uml. stored at -20Â°C, and diluted with

medium containing serum for treatment of cells. The final concentra
tion of dimethyl sulfoxide did not exceed 0.1%. Bryostatin 1, isolated

4 M. L. Dell'Aquila. H. T. Nguyen, C. L. Herald. G. R. Pettit, and P. M.
Blumberg, Bryostatin 1 inhibits the phorbol ester-induced blockage of differentia
tion in hexamethylene bisacetamide-treated Friend erythroleukemia cells, sub
mitted for publication.
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from H. writ ina as described (16), was dissolved in ethanol at a
concentration of 2 HIM.stored at -20' ( in small aliquots, and diluted

with medium containing serum to the desired concentration immedi
ately before treatment of cells.

Cell Culture. Epidermal cells were prepared from BALB/c newborn
mice by the trypsin flotation technique and cultured in low calcium
(0.05 HIM)Eagle's minimal essential medium (MA Bioproducts, Walk-

ersville, MD) prepared with reduced calcium and supplemented with
8% Chelex-treated fetal calf serum (Reheis Chemical Co., Kankakee,
IL) as described previously (20). All media contained 1% antibiotic-
antimycotic solution (Gibco, Grand Island, NY). Cells were plated at
an initial density of 0.24 x 106/cm2 in Costar 6-well tissue culture
plates for assay of EGF binding and in 60-mm Falcon tissue culture

dishes for determination of ODC and TGase induction and cornified
envelope formation. Media were changed daily for the first 3 days and
every 2 to 3 days thereafter. All experiments were done on confluent
cells at 3 to 7 days after plating. Cultures were routinely incubated at
37Â°Cin a humidified atmosphere of 5% CO2 in air.

Enzyme Assays. For assays of ODC, TGase, and protein, cells were
treated as described in the figure legends. They were then washed 3
times with Dulbecco's phosphate buffered saline (0.2 g KCI, 0.2 g

KH2PO4, 8 g NaCl, and 2.16 g Na2HPO4-7H2O/liter), frozen on dry
ice, and stored at -20Â°Cuntil assay. The cells were then scraped from

the culture dish with 300 ^1 of lysis buffer containing 0.02 M sodium
phosphate (pH 7.5), 0.5 HIMEDTA, 10 mM dithiothreitol, and 50 Mg/
ml phenylmethanesulfonyl fluoride. Aliquots were analyzed for ODC
or TGase and for protein.

ODC was measured by the release of I4CO2 from [l-l4C]ornithine

(57 mCi/mmol; Amersham, Arlington Heights, IL) as described (21).
Briefly, the samples to be assayed were placed into individual wells of
24-well Costar dishes. To 50 n\ of cell lysate were added 100 n\ of a
substrate and cofactor mixture containing 2 n\ of L-[l-'4C]ornithine (50

MCi/ml), 8 M!of L-ornithine (5 mM in 10 mM HC1), 25 til sodium
phosphate buffer (0.2 M in phosphate, pH 7.2), 8 pi EDTA (12.5 mM
adjusted to pH 7.2 with NaOH), 5 M!DTT (50 mM in water), 2 Ml
pyridoxal phosphate (5 mM in 10 mM NaOH) and 50 M' water. After
incubation for l h at 37Â°C,the reaction was stopped by placing the

dishes on ice and injecting 50 n\ of l N perchloric acid into each well.
The wells were overlaid with paper discs moistened with l N NaOH,
and the dishes were returned to the shaking bath for another hour to
allow absorption of the I4CO2by the NaOH. The discs were transferred

to scintillation vials and radioactivity was determined.
The TGase assay was modified from the previously published pro

cedure (4). To 50 //I of cell lysate were added 150 n\ of the following
freshly prepared mixture: 20 M'of 500 mM sodium borate (pH 9.5); 10
n\ of 100 mM CaCl2; 10 M' of 10 mM EDTA; 20 M!of casein (20 mg/
ml, No. C-4765; Sigma, St. Louis, MO); 10 fil of [2,3-3HJputrescine

(20 to 40 Ci/mmol; New England Nuclear, Boston, MA); 5 M'of DTT
(0.1 M); 5 M!of Triton X-100 (10% w/v); and 70 pi of distilled water.
After incubation for 30 min at 37"C, 80-jil aliquots were spotted onto

Whatman 3MM filter paper discs (previously treated with 50 n\ of 100
mM ethyleneglycol bis(|8-aminoethyl etherJ-A', N,N', A"-tetraacetic acid

and dried) and immediately immersed in ice cold 10% trichloroacetic
acid containing 1% putrescine. After gentle agitation for 10 min or
longer, discs were transferred to 5% trichloroacetic acid-0.5% putres
cine and gently agitated for a further 10 min. They were then rinsed
with ice cold absolute ethanol and dried. Radioactivity bound to casein
precipitated on the discs and was counted. The activity of the samples
was corrected for background, which was determined by using cell-
scraping buffer instead of the cell lysates.

Before analysis for protein by the method of Lowry et al. (22), DTT
was destroyed in the 20-^1 aliquots of cell lysate by addition of 250 /d
of Dulbecco's phosphate buffered saline containing 100 Mgchloramine-

T and incubation at room temperature for at least 30 min (23).
EGF Binding. EGF binding was assayed with '"I-labeled EGF (150

to 200 MCi/Mg;New England Nuclear, Boston, MA) with or without
unlabeled EGF, 1 /jg/ml (receptor grade; Collaborative Research, Lex
ington, MA) as previously described (2, 24). Treatment of cells with
bryostatin 1 and/or PDBu was carried out in freshly changed low
calcium medium containing 8% Chelex-treated serum for 2 h at 37Â°C

unless otherwise indicated. Following treatment, cells were washed 2
times with binding assay buffer (Eagle's minimal essential medium

containing 1 mg/ml of bovine serum albumin), bryostatin 1 and/or
PDBu was readded, and the cells were incubated with '"I-labeled EGF
at 0Â°Cfor 5 h. The plates were washed 3 times with binding assay

buffer. Cells were then solubilized in 0.1 N NaOH, and cell-associated
radioactivity was determined by liquid scintillation counting. Data are
expressed as cpm per well.

Cornified Envelope Production. The number of cornified cells pro
duced in confluent dishes of mouse epidermal cells was measured as
described by Rice and Green (25). In this assay, cornified cells were
quantified by their resistance to lysis by detergent in the presence of
reducing agent. Attached cells from three 60-mm dishes were trypsin-
ized, pooled, and extracted with 2% sodium dodecyl sulfate containing
20 mM DDT for 10 min at 90Â°C.Normal cells are solubilized but the

envelopes of cornified cells remain intact. Cornified envelopes were
determined separately for attached and unattached cells and the total
added. Data were expressed as the percentage of cornified cells relative
to the total number of cells per dish.

RESULTS

ODC Activity. The induction of ornithine decarboxylase (L-
ornithine decarboxylase, EC 4.1.1.17), the enzyme that converts
ornithine to putrescine and CO2, has been associated with an
increased rate of proliferation in epidermal cells (26). Treat
ment for 3 h with bryostatin 1 stimulated ODC activity in a
dose dependent fashion (Fig. 1). The level of response was
somewhat variable between experiments, but a consistent ob
servation was that bryostatin 1 treatment failed to yield the
same levels of ODC activity as were attained in response to
PDBu. This effect was confirmed for concentrations of bryo
statin 1 as high as 1 //M (data not shown). Moreover, the
combination of both bryostatin 1 (60 HM)and PDBu (200 HM)
induced ODC activity only to a similar level as that for bryo
statin 1 (60 UM)alone (data not shown).

Cell Morphology. Mouse epidermal cells grown in low Ca2+
medium (0.05 mM Ca2+) maintain a continuously proliferating

population, although at all times a fraction of the cells under
goes terminal differentiation and becomes detached from the
monolayer. Under these conditions monolayers were confluent
by 4 days. These cells had a polygonal shape with distinct
intercellular space giving a paving stone appearance. Many
round cells were also observed floating in the low Ca2+ medium.

Primary mouse epidermal cells plated and maintained at low
calcium levels were treated with bryostatin 1 and/or PDBu.

io-9 io '
BRYOSTATIN 1 (M)

Fig. 1. Dose response curve for the induction of ODC by bryostatin 1 in
primary mouse epidermal cells. Enzyme activity was measured at 3 h after
exposure. Specific activity was expressed as nmol per mg protein per h. Points,
average of triplicate determinations in a single experiment; bars, Â±SD. Similar
results were obtained in several additional experiments with fewer concentrations
of bryostatin 1.
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Fig. 2. Effect of treatment with bryostatin
1 and/or PDBu on morphology of primary
mouse epidermal cells. Primary mouse epider
mal cells were grown for 5 days in culture. The
medium was changed to fresh, low Ca2* me

dium, and the cells were then treated for 6 h
at 3TC with (A) no addition, (B) PDBu, 200
nM, (Q bryostatin 1, 60 niu, (D) PDBu, 200
nw, and bryostatin 1, 60 nw. The cells were
examined under phase contrast using a Nikon
Diaphot microscope, x 400.

After 6 h incubation with each compound, cells were observed
by phase-contrast microscopy (Fig. 2). Treatment with PDBu
(200 nM) led to marked morphological change characterized by
contraction to give a dendritic shape and by cell rounding,
followed by eventual release from the monolayer and terminal
differentiation of a subpopulation of cells (Fig. IB). Treatment
with bryostatin 1 (60 nM) induced minimal morphological
change upon 6 h incubation (Fig. 2C). Furthermore, the com
bination of bryostatin 1 (60 HM) and PDBu (200 nM) caused
substantially less morphological change than that induced with
PDBu (200 nM) alone (Fig. 2D).

Examination of the time course of the morphological changes
in response to bryostatin 1 treatment suggested that alterations
in morphology occurred but were transient. Thus, the dendritic
changes became visible by 1 to 3 h of incubation for both the
PDBu and the bryostatin 1 treated cultures. However, whereas
the changes became more pronounced by 6 h in the case of
PDBu treatment, in the case of bryostatin 1 these alterations
had largely subsided.

Transglutaminase Activity. Transglutaminase (EC 2.3.2.13)
is the enzyme that is presumed to catalyze the formation of the
glutamyl-Iysyl cross-links abundant in the cornified envelopes

of keratinocytes. TGase is thus considered to be a good marker
for differentiation induced by the phorbol esters in epidermal
cell cultures (3, 4).

Epidermal cells grown in low Ca2* medium were treated with

PDBu (200 nM) or with bryostatin 1 (60 nM) for 9 h. This
incubation time is optimal for PDBu induction of TGase (4).
In contrast to induction of TGase by PDBu, bryostatin 1 at 60
nM failed to induce the enzyme (Fig. 3). Furthermore, inclusion
of bryostatin 1 together with PDBu blocked the induction of
TGase by PDBu. Qualitatively, this result of the combined
treatment resembles that of induction of ODC or inhibition of
EGF binding (see below). It is more dramatic, however, because
of the lack of response to bryostatin 1 alone.

CorniliÂ«!Cell Production. The formation of an insoluble cell
envelope is a second prominent characteristic of the maturation
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Fig. 3. Effect of bryostatin 1 and/or PDBu on transglutaminase activity in
primary mouse epidermal cells. Enzyme activity was assayed at 9 h after exposure.
Specific activity was expressed as pmol per mg protein per h. Points, average of
triplicate determinations; bars, Â±SD. Four other experiments gave similar results.

and terminal differentiation process in epidermal cells. Treat
ment with PDBu (200 nM) for 48 h in the presence of high
Ca2+ medium enhanced formation of cornified cells (Fig. 4).

The data shown are for total cells; similar results were found
for attached cells. As was the case for transglutaminase induc
tion, bryostatin 1 (60 HM) by itself failed to enhance cornified
envelope formation and blocked the response to PDBu upon
coincubation. Qualitatively similar results were obtained in
single experiments in which the incubation in the presence of
high Ca2+ medium was for 72 or 120 h.

EGF Binding. Phorbol ester treatment leads to rapid inhibi
tion of binding of I25l-Iabeled EGF to EGF receptors on primary

mouse epidermal cells (2, 27, 28), as is the case for many other
cell types. Incubation of the cells for 2 h with bryostatin 1
similarly inhibited '"I-labeled EGF binding in a dose dependent
fashion (Fig. 5). The magnitude of inhibition of I25l-labeled

EGF binding was somewhat less than that observed for PDBu
treatment within the same experiment. This difference did not
reflect suboptimal amounts of bryostatin 1 in that increasing
the concentration to 200 HMhad no greater effect than 60 nM.
Furthermore, combined treatment with PDBu and a maximally
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Fig. 4. Effect of bryostatin 1 and/or PDBu on the production of cornified
envelopes by primary mouse epidermal cells. Cells grown in medium with 0.05
mM Ca2* (low Ca2*) for 6 days were incubated with bryostatin 1 and/or PDBu in
high Ca2* (1.2 mM) medium for 48 h. Cornified cells were then counted. The

percentage of cornified cells represents the number of cornified cells (attached
and unattached) per total cells (attached and unattached) per dish x 100. "Unat
tached" refers to cells collected from the culture medium. Two other experiments

gave similar results, liars. Â±SD.
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Fig. 5. Effect of treatment with bryostatin 1 and/or PDBu on binding of 125I-

labeled EGF to primary mouse epidermal cells. Cells were exposed to bryostatin
1 and/or PDBu at the indicated concentrations in low Ca2* medium for 2 h at
37'C, and '25I-labeled EGF binding was determined as described in "Materials
and Methods." Values are the average of cpm per well for duplicate determinations

at each concentration. Two other experiments gave similar results. Bars, Â±SD.

effective concentration of bryostatin 1 gave no greater response
than that to bryostatin 1 alone.

The transient nature of the morphological changes associated
with bryostatin 1 treatment of primary epidermal cells first
focused attention on the possible role of incubation time in
determining responsiveness to the bryostatin. Because inhibi
tion of EGF binding in response to the phorbol esters is rapidly
expressed (within 30 min) and then persists for hours before
becoming attenuated in primary mouse epidermal cells, this
end point seemed well suited for quantitating bryostatin 1
activity as a function of time. At 30 min, bryostatin 1 inhibited
U5I-labeled EGF binding to a similar extent as did PDBu and

the combination of the 2 gave similar inhibition to either alone
(Fig. 6). With time, however, inhibition of binding by bryostatin
1 diminished, so that by 4 h EGF binding had largely recovered.
Some variability in the extent of recovery was observed (com
pare Figs. 6 and 7), perhaps representing variability in the
primary cultures from week to week. In contrast to the more
transient response to bryostatin 1, inhibition of I25l-labeled

EGF binding in response to PDBu or PMA persisted for up to
12 h (Fig. 6).5 The loss of response to bryostatin 1 with time
was associated with inhibition of the response to PDBu; coin-
cubation with both PDBu and bryostatin 1 for 4 h no longer
gave inhibition of I25l-labeled EGF binding.
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Fig. 6. Time course for the effect of bryostatin I and/or PDBu on '"I-labeled

EGF binding in primary mouse epidermal cells. Cells were incubated for the
indicated times at 37"C in low Ca2* medium with bryostatin 1 (60 nM) and/or

PDBu (200 nM). The cells were then washed twice with binding buffer, the ligands
added back together with '25I-labeled EGF, and the cells incubated at 0Â°Cfor S

h. Values are the average of duplicate samples. Three other experiments gave
similar results.
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Fig. 7. Effect of cycloheximide and actinomycin D on inhibition of PDBu
action by bryostatin 1. Cells were treated with the indicated compounds for 4 h
at 37Â°Cin low Ca2* medium, and '"I-labeled EGF binding was then determined
as described in "Materials and Methods." Q, control; Q, cycloheximide, 20 ^g/

ml; â€¢actinomycin D, 0.1 /ig/ml. Values are the average of duplicate samples.
Two other experiments gave similar results.

Effect of Inhibitors of Macromolecular Synthesis on Bryosta
tin Action. The blockade of PDBu action on EGF binding by
bryostatin 1 was not prevented by cycloheximide (20 /ig/ml) or
by actinomycin D (0.1 Mg/ml) (Fig. 7). The concentrations used
had previously been found to block protein and RNA synthesis
in the epidermal cells by >95% (4). Although small decreases
in EGF binding were observed in the presence of PDBu and
bryostatin 1 in response to the inhibitors, comparable decreases
were observed in the absence of PDBu and bryostatin 1 and
presumably reflect a direct effect of the inhibitors on EGF
receptor levels.

DISCUSSION

The protein kinase C pathway has been the focus of intense
research interest because of its apparent central role in cellular
message transduction. Emerging evidence also implicates it in
the actions of several families of oncogenes. Polyoma middle T
antigen and src activate phosphatidylinositol kinase, enhancing
substrate levels for the phosphatidylinositol turnover pathway
(29, 30). Sis and ras have been shown to cause elevated levels
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of diglyceride, a product of phosphatidylinositol turnover and
the endogenous activator of protein kinase C (31) and to induce
protein kinase C translocation, implying that enzyme activation
indeed occurs (32). Although protein kinase C might therefore
be an attractive target for therapeutic intervention, selectivity
remains a serious concern. Because it may afford a route to
obtaining such selectivity, heterogeneity in the action of phorbol
esters or other classes of protein kinase C activators is of great
interest.

The results reported here strongly support the conclusion
that bryostatin 1, although an activator of protein kinase C,
only generates some of the typical phorbol ester responses in
mouse primary epidermal cells. In particular, bryostatin 1 did
not induce the differentiation response typical of the phorbol
esters and indeed blocked the response to the phorbol esters
themselves. Our findings now extend the range of cells for
which bryostatin inhibits the phorbol ester-induced effects on
differentiation from leukemia cells, HL-60 and Friend, to an
epithelial cell type. Based on the postulated role of phorbol
ester-induced differentiation in tumor promotion, our in vitro
results predict that bryostatin 1 should fail to be a tumor
promoter and should inhibit the tumor promoting activity of
the phorbol esters. These predictions have recently been con
firmed (33).

One motivating rationale for examination of the activity of
bryostatins in the mouse epidermal cells was that the population
showed twin responses to the phorbol esters: induction of both
differentiation and proliferation pathways. Although bryostatin
1 did induce markers of the proliferative pathway in the cul
tures, the critical variable may be the time required for the
response rather than the end point being measured. The effects
on EGF binding and ODC were observed at 2 and 3 h of
incubation, respectively. The inhibition of morphological
change, transglutaminase induction, and cornified envelope
formation were observed at 6,9, and 48 h of incubation. Support
for this conclusion is provided by the time course of inhibition
of EGF binding, where bryostatin 1either mimicked or blocked
PDBu action depending on the incubation time. Degradation
of bryostatin cannot account for the time dependent loss of
responsiveness, since bryostatin 1 blocked phorbol ester action
at these later times. Likewise, studies using [3H]bryostatin 4, a
closely related ligand, failed to reveal degradation.6 In parallel
studies, we had observed similar mimicry followed by blockade
for the inhibition of cell-cell communication in these cells by
bryostatin I.7

A more transient duration of action for bryostatin 1 than for
the phorbol esters could help rationalize the effects observed by
some of us with bryostatin 1 in GH4C5rat pituitary cells as well
(34). In that system, bryostatin 1 was comparable to phorbol
12-myristate 13-acetate for induction of prolactin release mea
sured following a 30-min incubation. Bryostatin 1 caused only
a partial response for prolactin synthesis, assayed over 24 h,
however, and even less response for induction of cell stretching,
measured after a 48-h incubation.

Current efforts are directed at clarifying the biochemical basis
for the time-dependent blockade of phorbol ester action. Poten
tial mechanisms include direct interaction with protein kinase
C, accelerated breakdown of protein kinase C, anomalous sub-
cellular localization, or elevated phosphatase levels.

6 E. Riveda!, I. L. Haugen, S. H. Yuspa, Y. Roman.., G. R. Pettit, and P. M.
Blumberg, unpublished results.

7G. Pasti, E. Rivedal, S. H. Yuspa, C. L. Herald, G. R. Pettit, and P. M.
Blumberg, Transient inhibition of cell-cell communication in primary mouse
epidermal cells by bryostatin I, submitted for publication.

A priori, the transient duration of action of bryostatin 1 on
EGF binding may reflect a quantitative rather than a qualitative
difference with the phorbol esters. In other cell types, down
modulation of phorbol ester responses upon chronic phorbol
ester treatment has been observed for both EGF binding (35)
and mitogenesis (36). On the other hand, our results with Friend
erythroleukemia cells argue against blockade of phorbol ester
action resulting from direct interaction at the phorbol ester
binding site of protein kinase C itself, since high phorbol ester
concentrations could not competitively overcome the bryostatin
effect.8In any case, the studies with inhibitors of macromolec-

ular synthesis argue that the inhibition of protein kinase C
mediated responses does not require de novo protein synthesis.
The inhibitory pathway would only be active in certain cell
types, providing a basis for cell selectivity. In previous studies,
we have shown that keratinocytes, unlike some other cell types,
possess multiple binding sites for the phorbol esters (37).

The unique effects of the bryostatins on the protein kinase C
pathway demonstrate that all classes of phorbol ester analogues
are not functionally equivalent. The identification and charac
terization of novel classes of activators is therefore of great
interest.
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