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ABSTRACT. The operational equivalence of different types of tumor promoters was studied by comparing
immediate, early, and late effects of okadaic acid (OA) and 12-O-tetradecanoylphorbol-13-acetate (TPA) on
the phosphorylation state of p42 mitogen-activated protein kinase isoform (ERK2) in eight different cell lines.
In normal human and mouse fibroblasts, both agents stimulated immediate/early (15–60 min) phosphorylation
of ERK2. In mouse 3T3 cells, enhanced phosphorylation of ERK2 was detected only within the first hour of
treatment with TPA but not with OA. The early response to both TPA and OA, in turn, was lost in another
established cell line, the PNT2 prostate epithelial cells, where we could detect increased levels of phosphorylated
ERK2 only after a 24-hr treatment with OA. When the effect of OA was evaluated in different PNT cell strains,
we observed that their capacity to respond to this agent, by stabilizing phosphorylated forms of ERK2, was lost
in less differentiated strains. In HeLa S3 and HTC tumor cells, however, neither TPA nor OA treatment led to
any detectable increase in ERK2 phosphorylation at any time point analyzed. We conclude that the effects of
OA and TPA on the phosphorylation states of ERK2 could be related to the cell type, and that the operational
equivalence between these two different tumor promoters is maximal in normal cells. BIOCHEM PHARMACOL
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Reversible phosphorylation of proteins is a key molecular
mechanism involved in the control of cell functioning and
proliferation [1]. Protein kinases and phosphoprotein phos-
phatases, the enzymes catalyzing these two opposite reac-
tions, represent the effectors of many signal transduction
systems and also constitute the molecular targets of several
tumor promoters [1–4]. Phorbol esters such as TPA† and
OA are examples of such a heterogeneous group of chem-
ical agents, as phorbol esters activate some isoforms of
protein kinase C by substituting for the endogenous intra-
cellular messenger diacylglycerol [2, 5], whereas OA binds
and causes inhibition of type 1 and 2A serine/threonine
PP1 and PP2A [3, 4, 6–8].

In spite of the different molecular mechanisms of func-
tioning of these two types of agents, their overall effect on
tumor promotion might be due to converging chains of
events over some common target proteins. Thus, by in-
creasing the extent of protein phosphorylation either by
stimulating phosphate addition, as in the case of phorbol

esters, or by slowing down its removal (OA), tumor
promoters would affect the molecular mechanisms control-
ling cell functioning and proliferation [2–4].

ERK2 represents a widely studied member of the MAPK
family, whose activation depends on phosphorylation of
specific threonine and tyrosine residues [9–11]. The phos-
phorylation state of these residues, in turn, depends on the
activity of mitogen-activated/extracellular signal-regulated
protein kinase-activating kinase (MEK), the dual specific-
ity protein kinase responsible for ERK phosphorylation
[10–13], and on phosphoprotein phosphatases, including
PP1, 2A and CL100, which catalyze removal of phosphates
and hence inactivate ERKs [14]. The important roles
ascribed to ERK2 in the control of cell proliferation [9–11]
make this kinase a possible target molecule shared by OA
and TPA through enhancement of its phosphorylated state.
In order to gain further insight into the molecular basis of
the operational equivalence between OA- and phorbol
ester-type tumor promoters, we set up a comparative study
to evaluate their effects on the phosphorylation state of
ERK2 in normal, established, and tumor cell lines.

MATERIALS AND METHODS
Materials

Peroxydase-linked anti-rabbit immunoglobulin antibody
and the ECL detection reagents were from Amersham. OA
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was obtained from Alexis Corporation (LC Laboratories)
and TPA and prestained molecular mass markers from
Sigma. The anti-ERK2 antibody was purchased from Santa
Cruz Biotechnology. Protran BA83 nitrocellulose mem-
brane was from Schleicher and Schuell. All other reagents
were of analytical grade.

Cell Culture Conditions

HeLa S3, HTC, and Swiss albino mouse 3T3 cells were
obtained from the American Type Culture Collection.
Normal human fibroblasts were obtained from explants of
surgically discarded skin from normal subjects. PNT normal
prostate epithelial cells [15] were obtained from Dr. Phil-
ippe Berthon (Departement d’Urologie, Hôpital St. Louis,
Paris, France). Normal mouse fibroblasts were obtained
from explants of skin from normal mice.

HTC and 3T3 cells and normal fibroblasts were grown in
5% carbon dioxide in air at 37°, in 90-mm diameter Petri
dishes, with a culture medium composed of Dulbecco’s
modified Eagle’s medium containing 1% non-essential
amino acids and 10% foetal bovine serum, as previously
described [16]. PNT normal prostate epithelial cells (strains
PNT2, PNT1A, and PNT1B) and HeLa S3 cells were
grown as described above, but with a culture medium
composed of RPMI 1640, containing 5% foetal bovine
serum, as reported previously [15].

Preparation of Cell Lysates

Cells were washed three times with 20 mM phosphate
buffer, pH 7.4, 0.15 M NaCl (PBS) and were subdivided
into two aliquots, which were lysed by addition of either a
hypotonic or solubilization buffer. In the first case, cells
corresponding to 10–15% of original suspension were
dispersed in 1 mL of 20 mM Tris–HCl, pH 7.5 at 2°, 1.5
mM EDTA, and were lysed by sonication at 2° with two
8-sec bursts at an output of 15 W. This total lysate was used
to determine the DNA content of cell suspensions, using
the procedure of Labarca and Paigen [17]. The second
aliquot, corresponding to the remaining portion of original
cell suspension, was lysed by dispersion in 0.5 mL of PBS
containing 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS, 50 mM NaF, 10 mM
Na4P2O7, 0.1 mg/mL phenylmethylsulphonyl fluoride, 1
mM Na3VO4, 30 mg/mL aprotinin, and by two 10-sec bursts
of vortexing. Cytosoluble extracts were then obtained by
centrifugation for 30 min at 16,000 3 g. The supernatants
of this centrifugation were used for colorimetric determina-
tions of protein content with bicinchoninic acid [18], and
were then brought to 2% SDS and 5% b-mercaptoethanol
for use in fractionation by SDS-PAGE.

Fractionation of Proteins by SDS-PAGE and
Immunoblotting

Samples containing the same amounts of protein were
fractionated by SDS-PAGE, according to Laemmli [19],
using an 11% separating gel and a 3% stacking gel. After
completion of electrophoresis, proteins were electro-
phoretically transferred onto a nitrocellulose membrane,
and binding sites remaining on the membrane were blocked
by incubation of blots for 1 hr at room temperature with 20
mM Tris–HCl, pH 7.5 at 25°, 0.15 M NaCl, and 0.05%
(v/v) Tween 20 (immunoblotting buffer) containing 3%
non-fat dry milk. Membranes were then incubated for 1 hr
at room temperature with immunoblotting buffer contain-
ing 1% non-fat dry milk and primary antibody at a final 0.5
mg/mL concentration. After incubation, membranes were
washed five times with immunoblotting buffer and were
incubated for 1 hr at room temperature with peroxydase-
linked anti-rabbit immunoglobulin at a 1:3000 dilution in
immunoblotting buffer containing 1% non-fat dry milk.
After washing, the membrane was developed by the ECL
detection system. Results shown in the figures are represen-
tative of those obtained in the three or more replicate
experiments performed.

RESULTS
Effect of OA and TPA on the Phosphorylation State of
ERK2 in Normal Fibroblasts

The phosphorylation state of ERK2 can be easily evaluated
by taking advantage of the fact that phosphorylated forms
display slower mobility as compared to their dephosphory-
lated counterparts when analyzed by SDS-PAGE [20, 21].
In Fig. 1, we show the results obtained when extracts
prepared from normal human fibroblasts were subjected to
this type of analysis. As judged by detection of retarded

FIG. 1. Effect of OA and TPA treatment of normal human
fibroblasts on the electrophoretic mobility of ERK2. Extracts
from control cells (lane 1) and cells which had been treated with
either 100 nM TPA (lanes 2–4) or 50 nM OA (lanes 5–7) were
subjected to SDS-PAGE, with the same amounts of protein
loaded onto each lane. After electrophoresis, samples were
subjected to immunoblotting using anti-ERK2 antibody as de-
scribed under Materials and Methods. Treatments of cultures
with OA or TPA were carried out for 15 min (lanes 4 and 7),
1 hr (lanes 3 and 6), or 24 hr (lanes 2 and 5) at 37°. The
electrophoretic mobilities of phosphorylated (ERK2p) and de-
phosphorylated (ERK2) forms of the kinase are indicated on the
right.
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bands, treatment of fibroblasts with TPA caused an imme-
diate phosphorylation of ERK2 (Fig. 1, lane 4). This effect
did not appear to be transient, as phosphorylated ERK2
remained clearly detectable after 1 hr of TPA treatment
(lane 3), returning to basal levels after 1 day (lane 2).
When the effect of OA was analyzed at the same time
points, we found that it induced detection of higher levels
of phosphorylated ERK2 as compared to control in the first
hour of treatment (Fig. 1, lanes 6 and 7 vs lane 1).
Treatment of normal fibroblasts for 1 day, however, resulted
in decreased levels of ERK2 protein, which was detectable
in its dephosphorylated state (lane 5). As the cell content
of culture dishes under these experimental conditions was
70–80% of control dishes, a decreased content of ERK2 in
extracts from OA-treated cells could be due to the toxic
responses observable in several experimental systems after
prolonged cell exposures to OA concentrations higher than
1028 M [7]. The effects of tumor promoters on ERK2 were
also evaluated on normal mouse fibroblasts. As is shown in
Fig. 2, both TPA and OA induced an immediate/early
phosphorylation of ERK2, yielding responses which repro-
duced those observed with fibroblasts of human origin (Fig.
1).

Effect of OA and TPA on the Phosphorylation State of
ERK2 in Established Cell Lines

We next analyzed extracts prepared from established cell
lines using 3T3 Swiss albino mouse fibroblasts (Fig. 3). As
shown in the upper panel, TPA induced measurable phos-
phorylation of ERK2 within the first hour of cell treatment
(lanes 3 and 4), but the effect was lost upon prolonged
exposure to this agent (lane 2). If this response is compared
to that found in normal fibroblasts (Figs. 1 and 2), where
the vast majority of ERK2 was phosphorylated in the first
minutes of response to TPA, a much weaker effect was
evident in extracts prepared from phorbol ester-treated 3T3
cells (Fig. 3). Furthermore, increased levels of phosphory-
lated ERK2 could not be detected after OA treatment of
3T3 cells within the same time-frame employed to analyze
the effects of TPA (Fig. 3, lanes 5–7). These results

prompted us to evaluate the effects of TPA and OA on a
different established cell line. To this end, we chose a
prostate epithelial cell line, termed PNT2, which has been
immortalized by transformation of normal cells with Simian
Vacuolating Virus No. 40 [15]. As shown in Fig. 4, the
phosphorylation state of ERK2 was affected only if PNT2
cells received a prolonged (24-hr) treatment with OA (lane
5), whereas no measurable effect could be observed after
TPA addition.

In order to gain more insight into this phenomenon, we
took advantage of the fact that several strains of PNT
prostate epithelial cells displaying less differentiated phe-
notypes have been obtained, following the order PNT2 .
PNT1A . PNT1B [15]. We then treated these cells for 24
hr with 50 nM OA and analyzed the phosphorylation state
of ERK2 in extracts from control and OA-treated cells,
comparing the responses among the three different cell
strains (Fig. 5). In agreement with the results shown in Fig.
4, OA treatment stabilized the phosphorylated forms of
ERK2 in PNT2 cells (Fig. 5, compare lanes 1 and 2). The
same treatment in PNT1A cells led to a much weaker
stabilization of phosphorylated ERK2 as compared to con-
trols (Fig. 5, compare lanes 3 and 4), whereas no stabiliza-
tion at all could be detected in extracts prepared from
PNT1B cells (lanes 5 and 6). Indeed, in this latter cell
strain we consistently observed that a 24-hr treatment with
OA was accompanied by a slight decrease in the levels of

FIG. 2. Effect of OA and TPA treatment of normal mouse
fibroblasts on the electrophoretic mobility of ERK2. Experimen-
tal conditions were identical to those described in the legend to
Fig. 1.

FIG. 3. Effect of OA and TPA treatment of 3T3 cells on the
electrophoretic mobility of ERK2. Experimental conditions were
identical to those described in the legend to Fig. 1.

FIG. 4. Effect of OA and TPA treatment of PNT2 prostate
epithelial cells on the electrophoretic mobility of ERK2. Exper-
imental conditions were identical to those described in the
legend to Fig. 1.
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phosphorylated ERK2 as compared to control (Fig. 5,
compare lanes 5 and 6).

Effect of OA and TPA on the Phosphorylation State of
ERK2 in Tumor Cell Lines

The limited capacity of the established cells we evaluated
to respond to either TPA or OA by changing the phos-
phorylation states of ERK2 led us to expand our study to
tumor cell lines. In Fig. 6, we report the results obtained in
a typical experiment with HeLa S3 cells, where we found
that the phosphorylation state of ERK 2 was apparently
unaffected by either OA or TPA under our experimental
conditions. These findings were further verified using the
rat HTC tumor cell line. The results obtained showed that
neither the protein levels nor the phosphorylation state of
ERK2 was affected by TPA and OA treatment under our
experimental conditions (not shown).

DISCUSSION

The operational equivalence of TPA- and OA-type tumor
promoters, as enhancers of phosphorylated states of rele-
vant proteins, represents a good theoretical framework to

explain their effects on cell proliferation [22]. We are not
aware, however, of studies aimed at defining whether TPA
and OA might indeed be equivalent in determining the
phosphorylation state of certain proteins in different cells.
The data obtained after treatment of eight different cell
lines with OA or TPA show that, at least in the case of the
phosphorylation states of ERK2, the responses to the two
agents indeed diverged among cell lines. Enhanced phos-
phorylation of ERK2 in response to both OA and TPA, in
fact, was detected only in normal fibroblasts, which ap-
peared more sensitive to TPA than OA under our experi-
mental conditions (Figs. 1 and 2). In the other cell lines
tested, ERK2 phosphorylation was sensitive to either TPA
(Fig. 3, 3T3 cells) or OA (Figs. 4 and 5, PNT cells) or was
unaffected by both agents (Fig. 6, HeLa S3 and HTC cells).
Furthermore, when sensitivity to a single agent was de-
tected, enhanced levels of phosphorylated ERK2 were
detected within 1 hr of treatment when the effect of TPA
was analyzed, whereas OA treatment could also induce late
(one day) responses (Figs. 3–5).

The different kinetics of enhanced ERK2 phosphoryla-
tion detected in OA- and TPA-treated cells are in line with
data obtained by others [23–26], and it seems likely that
this difference depends on the molecular mechanisms
underlying the actions of the two agents. TPA, in fact,
would stimulate phosphate addition by activating mecha-
nisms involving mitogen-activated/extracellular signal-reg-
ulated protein kinase [10–13], whereas OA could mimic
this effect only by protecting already phosphorylated ERK2
through inhibition of PPases [3, 6–8, 11]. Alternative
interpretations, however, should be considered, as en-
hanced MAPK phosphorylation/activation occurring
within minutes of OA addition to cultured cells has been
reported by others [27–29]. In those cases, high concentra-
tions of OA (over 1026 M) were used, but a faster
attainement of PPase 1 and 2A inhibition under those
conditions may not be sufficient to explain the effect, as we
also observed an immediate/early effect when normal fibro-
blasts were treated with 50 nM OA (Figs. 1 and 2). Hence,
different kinetics of responses in OA- and TPA-treated
cells do not appear to justify rejection of the contention
concerning the operational equivalence of the two classes
of tumor promoters.

The operational equivalence of OA and phorbol esters
regarding MAPK functioning, however, should not be
generalized, as sensitivity to only one type of tumor pro-
moter was detected with 3T3 and PNT cells (Figs. 3–5).
Furthermore, in the case of immortalized prostate epithelial
cells, we found that enhanced ERK2 phosphorylation due
to OA was either weak or absent in some strains (Fig. 5),
and a decreased sensitivity to tumor promoters was detected
in immortalized mouse 3T3 fibroblasts (Fig. 3) as compared
to their normal counterparts (Fig. 2). Interestingly enough,
the lack of sensitivity to both OA and TPA observed with
the least differentiated [15] PNT1B cell line (Fig. 5) was
also detected under identical experimental conditions with
HeLa S3 (Fig. 6) and HTC (data not shown) tumor cells.

FIG. 5. Effect of OA treatment of PNT strains of prostate
epithelial cells on the electrophoretic mobility of ERK2. Equal
amounts of protein in extracts from control cells (lanes 1, 3, and
5) and cells which had been treated for 24 hr with 50 nM OA
(lanes 2, 4, and 6) were subjected to SDS-PAGE and analyzed
by immunoblotting using anti-ERK2 antibody as described
under Materials and Methods. Cytosoluble extracts used in this
experiment were obtained from the following cell strains: PNT2
(lanes 1, 2), PNT1A (lanes 3, 4), and PNT1B (lanes 5, 6).

FIG. 6. Effect of OA and TPA treatment of HeLa S3 cells on
electrophoretic mobility of ERK2. Experimental conditions were
identical to those described in the legend to Fig. 1.
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Taken as a whole, the data obtained would thus indicate
that sensitivity to OA and TPA may be inversely related to
the proliferative potential of cell lines, being highest in
normal cells, partial in established cells, and weak or absent
in tumor cells. Therefore, the proposed operational equiv-
alence of OA- and phorbol ester-type tumor promoters
would actually be maximal in the case of normal cells,
which indeed may become targets susceptible of tumor
promotion.

If this interpretation is correct, one implication might be
that the mechanisms controlling MAPK phosphorylation/
activation in tumor cells are either impaired or involve
different molecular components as compared to normal
cells. This latter possibility should be considered, as it is
known that MAPK phosphorylation participates in differ-
ent signal transduction pathways [10, 11]. Furthermore, as
the full activity of MAPKs depends on the phosphorylation
of both threonine and tyrosine residues [9–13], it is antic-
ipated that cell treatment with OA would prevent the
dephosphorylation of ERK2 catalyzed by PP1 and 2A [9,
30], but not other PPases [9, 14, 20, 30–34]. Although we
have not directly evaluated PPases in our systems, our
contention that mechanisms controlling the phosphoryla-
tion state of MAP kinases are impaired in cells displaying
less differentiated and more aggressive proliferative pheno-
types is supported by other experimental evidence. Leevers
and Marshall [35], in fact, have shown that ERK2 is
constitutively active when Swiss 3T3 cells are loaded with
p21ras oncoprotein, and that treatment of loaded cells with
TPA for 30 min does not lead to any further increase in the
levels of phosphorylated kinase. Furthermore, it has been
shown that the ERK activation pathway is repressed in
fibroblasts transformed by v-src, v-ras, or v-raf [36].

On the basis of data obtained with ERK2 by us and
others, an inverse relationship between tumor promoter
sensitivity and transformed phenotypes may thus be pro-
posed as a working hypothesis. A systematic evaluation of
other molecular targets shared by OA- and phorbol ester-
type tumor promoters will provide further insight into this
issue.
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