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Abstract
Palytoxin is classified as a non-12-O-tetradecanoylphorbol-13-acetate (TPA)-type skin tumor
because it does not bind to or activate protein kinase C. Palytoxin is thus a novel tool for investigating
alternative signaling pathways that may affect carcinogenesis. We previously showed that palytoxin
activates three major members of the mitogen activated protein kinase (MAPK) family, extracellular
signal regulated kinase 1 and 2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38. Here we report
that palytoxin also activates another MAPK family member, called ERK5, in HeLa cells and in
keratinocytes derived from initiated mouse skin (308 cells). By contrast, TPA does not activate ERK5
in these cell lines. The major cell surface receptor for palytoxin is the Na+,K+-ATPase. Accordingly,
ouabain blocked the ability of palytoxin to activate ERK5. Ouabain alone did not activate ERK5.
ERK5 thus represents a divergence in the signaling pathways activated by these two agents that bind
to the Na+,K+-ATPase. Cycloheximide, okadaic acid, and sodium orthovandate did not mimic the
effect of palytoxin on ERK5. These results indicate that the stimulation of ERK5 by palytoxin is not
simply due to inhibition of protein synthesis or inhibition of serine/threonine or tyrosine
phosphatases. Therefore, the mechanism by which palytoxin activates ERK5 differs from that by
which it activates ERK1/2, JNK, and p38. Finally, studies that used pharmacological inhibitors and
shRNA to block ERK5 action indicate that ERK5 contributes to palytoxin-stimulated c-Fos gene
expression. These results suggest that ERK5 can act as an alternative mediator for transmitting
diverse tumor promoter-stimulated signals.
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Introduction
Agents identified as tumor promoters in the classic multi-stage mouse skin model of
carcinogenesis have helped reveal how the perturbation of signaling pathways contributes to
the development of cancer (Yuspa, 1998). Initiation, the first stage of carcinogenesis in this
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model, typically involves one treatment with a genotoxic agent and is characterized by
activation of the oncogene Ras (Balmain and Pragnell, 1983). Tumor promotion, the second
stage, involves repeated stimulation over a prolonged period by agents that are typically non-
genotoxic, and results in the development of tumors. Interestingly, whereas initiation is
irreversible, tumor promotion is reversible if treatment is ceased. This suggests that
investigating the action of tumor promoters may aid the development of strategies to block
carcinogenesis. The identification of protein kinase C as the receptor for the prototypical skin
tumor promoter 12-O- tetradecanoylphorbol-13-acetate (TPA, also called PMA) helped
establish that tumor promotion involves the subversion of signal transduction pathways
(Nishizuka, 1984). The subsequent identification of non-TPA-type tumor promoters, which do
not activate protein kinase C in vitro or require protein kinase C for signal transduction,
indicated that protein kinase C-independent signaling pathways also play a role in
carcinogenesis (Fujiki et al., 1986; Wattenberg et al., 1987). Accordingly, our laboratory has
used the non-TPA type tumor promoter palytoxin to investigate alternative signaling pathways
that may play a role in carcinogenesis, but may have been missed by the historical focus on
TPA-stimulated signaling.

The major cell surface receptor for palytoxin is the Na+,K+-ATPase (Habermann, 1989).
Palytoxin, a large (Mr 2,681) water-soluble polyalcohol, which is isolated from zoanthids
(genus Palythoa) (Moore, 1985), binds to the Na+,K+-ATPase and transforms the sodium
pump into an ion channel. Palytoxin binding thus typically triggers sodium influx and
potassium efflux. Our previous studies indicated that mitogen activated protein kinases
(MAPKs) can mediate palytoxin-stimulated signaling (Kuroki et al., 1997; Li and Wattenberg,
1999; Warmka et al., 2002; Warmka et al., 2004).

MAPKs are a family of serine/threonine kinases that transmit a wide variety of signals to the
cellular machinery that regulates gene expression, cell fate, and cell function (reviewed in
(Turjanski et al., 2007)). Several studies also indicate that aberrant regulation of MAPKs plays
a role in carcinogenesis (Dhillon et al., 2007). The three groups of MAPKs that have been
studied most extensively are the extracellular signal regulated kinases 1 and 2 (ERK1/2), the
c-Jun N-terminal kinases (JNKs) and the p38s. In general ERK1/2 tends to be activated by
mitogenic agents, whereas JNK and p38 are typically activated by stress (Turjanski et al.,
2007). Our work indicates that MAPKs can mediate the convergence of the different signaling
pathways stimulated by palytoxin and TPA, thus providing a mechanism by which these
different types of tumor promoters can regulate common biochemical targets that play an
important role in carcinogenesis (Warmka et al., 2002; Warmka et al., 2004). For example, we
found that palytoxin and TPA both increase ERK1/2 activity, although by different
mechanisms, in mouse keratinocytes that are derived from initiated mouse skin and express
oncogenic Ras (308 cells); this results in the ability of palytoxin and TPA to regulate common
downstream nuclear targets, including the transcription factor AP-1 (Warmka et al., 2002;
Warmka et al., 2004; Zeliadt et al., 2004).

ERK5 (also called Big MAP kinase 1 or BMK1) is a MAPK family member that is likely to
play a role carcinogenesis, but has not been studied as extensively as ERK1/2, JNK, and p38
(reviewed in (Wang and Tournier, 2006)). Like other MAPKs, activation of ERK5 requires
dual phosphorylation on specific threonine and tyrosine residues (Mody et al., 2003). MAPKs
are typically activated by a protein kinase cascade, such that a MAPK kinase kinase (MAPKKK
or MEKK), phosphorylates and activates a MAPK kinase (MAPKK or MEK), which
phosphorylates and activates a MAPK (Wang and Tournier, 2006). For example, Raf is a
MAPKKK that phosphorylates and activates MEK1/2, which phosphorylates and activates
ERK1/2 (reviewed in (Dhillon et al., 2007)). MEKK2 and MEKK3 have been identified as
MAPKKKs, which phosphorylate and activate MEK5, the MAPKK that phosphorylates and
activates ERK5 (Chao et al., 1999; Sun et al., 2001). A unique, large C-terminal non-kinase
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domain makes ERK5 approximately twice the size of ERK1/2 (Lee et al., 1995; Zhou et al.,
1995). This C-terminal domain contains a nuclear localization signal (Hayashi and Lee,
2004). ERK5, like other MAPK family members, can translocate from the cytoplasm to the
nucleus, where it can regulate transcription factors, including MEF2C (myocyte enhancer
factor), Sap1a, and c-Fos (Kato et al., 1997; Kamakura et al., 1999; Terasawa et al., 2003).
ERK5 is activated by mitogens, such as epidermal growth factor (EGF), and also by stress,
such as osmotic shock and oxidative stress (Abe et al., 1996; Kato et al., 1998). Because
palytoxin causes a type of osmotic stress by stimulating ion influx, we wanted to determine
whether ERK5 mediates palytoxin-induced signals.

We used two cell culture models to determine whether ERK5 is involved in palytoxin signaling.
We used 308 mouse keratinocytes, which were derived from mouse skin initiated in vivo with
7,12-dimethylbenz(a)anthracene and express endogenous oncogenic Ras (Strickland et al.,
1988). This is thus an excellent model for studying tumor promoter action. We also used HeLa
cells, a human cervical cancer cell line that has been used extensively to study MAPK signaling.
HeLa cells, in contrast to keratinocytes, are relatively easy to transfect. This makes HeLa cells
very useful for the study of signaling by methods that require the introduction of expression
vectors. Our results indicate that ERK5 can mediate the transmission of palytoxin-stimulated
signals from the Na+,K+-ATPase to the nucleus. In contrast to palytoxin, we did not detect
activation of ERK5 by the prototypical phorbol ester tumor promoter TPA. Altogether, these
studies indicate that ERK5 represents an alternative pathway through which diverse tumor
promoters can transmit signals.

Materials and methods
Materials

Palytoxin was purchased from the Hawaii Biotechnology Group, Inc. (Aiea, HI). U0126 was
purchased from Calbiochem (La Jolla, CA). High glucose Dulbecco’s Modified Eagle
Medium, Minimum Essential Medium, and fetal bovine serum were purchased from Invitrogen
Corporation (Carlsbad, CA). TPA, cycloheximide, EGF, protein G agarose beads, ouabain,
sodium orthovanadate, okadaic acid, phenylmethanesulphonylfluoride (PMSF), NaF, β-
glycerophosphate, aprotinin, leupeptin and sorbitol were purchased from Sigma (St. Louis,
MO). Calf intestinal alkaline phosphatase was purchased from New England Biolabs (Ipswich,
MA).

Cell Culture
HeLa cells were the generous gift of Dr. Audrey Minden (Susan Lehman Cullman Laboratory
for Cancer Research, Department of Chemical Biology, Ernest Mario School of Pharmacy,
Rutgers, The State University of New Jersey), and were grown as described in (Li and
Wattenberg, 1998). 308 cells were the generous gift of Dr. Stuart H. Yuspa (Laboratory of
Cellular Carcinogenesis and Tumor Promotion, National Cancer Institute), and were grown as
described in (Warmka et al., 2004). For experiments, HeLa and 308 cells were plated at a
density of approximately 2.4 × 104 cells/cm2 and 5.6 × 104 cells/cm2, respectively. The
following day, the cells were switched to serum free media. The cells were incubated in serum
free media for approximately 24 hours before treatment, unless otherwise indicated.

Antibodies and immunoblotting
Cell lysates were prepared using the following buffer unless otherwise noted: 50 mM Tris-
HCl, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 μg/
ml aprotinin, 1 μg/ml leupeptin, 20 mM β-glycerophosphate, 1 mM Na3VO4, 1mM NaF.
Lysates were cleared by centrifugation (16,000 × g, 10 min, 4°C). 20–40 μg of protein was
resolved using either 7.5% or 10% SDS-polyacrylamide minigels, and then transferred to
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Immobilon-P PVDF membrane (Millipore, Bedford, MA). After blocking in either a TBST/
5% milk solution or TBST/3% BSA solution, immunoblots were incubated overnight at 4°C
using the following primary antibodies and dilutions: phospho-p44/42 MAPK (Thr-202/
Tyr-204) (E10) (mouse monoclonal) (1:2000), phospho-ERK5 (Thr-218/Tyr-220) (rabbit
polyclonal) (1:1000), ERK5 (rabbit polyclonal) (1:1000), phospho-p38 MAPK (Thr-180/
Tyr-182) (rabbit polyclonal) (1:2000), and phospho-SAPK/JNK (Thr-183/Tyr 185) (G9)
(mouse monoclonal) (1:2000) from Cell Signaling (Beverly, MA), and ERK2 (C-14) (rabbit
polyclonal) (1:2000), JNK1 (FL) (rabbit polyclonal) (1:2000), p38 (C-20) (rabbit polyclonal)
(1:2000) from Santa Cruz Biotechnology (Santa Cruz, CA). The following secondary
antibodies were used: anti-mouse IgG horseradish peroxidase-linked antibody and anti-rabbit
IgG horseradish peroxidase-linked antibody from Cell Signaling. Immunoblots were
visualized using the Pierce SuperSignal West Pico substrate.

Densitometry
Protein bands from immunoblots were quantified using a Bio-Rad (Hercules, CA) Fluor-S
MultiImager and Bio-Rad Quantity One software.

Quantitative real-time PCR analysis
Total RNA was harvested from cells using the RNeasy Plus Mini Kit from Qiagen (Valencia,
CA). RNA quality was verified spectrophotometrically using the A260/A280 ratio. One
microgram of RNA was reverse-transcribed using the SuperScript III from Invitrogen
(Carlsbad, CA). Negative controls that lacked RNA or reverse transcriptase were included for
each primer pair. cDNA was diluted 1:10, and 2 μl of diluted cDNA were used in 25 μl PCR
reactions with 200 nM of each primer and SYBR GreenER qPCR SuperMix for iCycler
(Invitrogen). PCR was performed on a BioRad iCycler iQ5 using the following primers: human
c-Fos (accession no. NM_005252) forward 5′-CGGGCTTCAACGCAGACTA-3′, reverse 5′-
CTGGTCGAGATGGCAGTGA-3′; human GAPDH (accession no. NM_0020467) forward
5′-GGGAAGGTGAAGGTCGGAGT-3′, reverse 5′-GAGTTAAAAGCAGCCCTGGTGA-3′;
mouse c-Fos (accession no. NM_010234) forward 5′-GGGGCAAAGTAGAGCAGCTA-3′,
reverse 5′-GGCTGCCAAAATAAACTCCA-3′; mouse GAPDH (accession no. NM_008084)
forward 5′-ATTGTCAGCAATGCATCCTG-3′, reverse 5′-
ATGGACTGTGGTCATGAGCC-3′. The amplification program was 50°C for 2 minutes, 95°
C for 8 min 30 sec, and 40 cycles of 95°C for 15 s, 60°C for 60 s. A melt curve analysis was
performed on all amplification products, revealing a single peak and thus ensuring that products
were specific. The software default values for baseline and threshold Ct values were used. The
amplification efficiency of each primer pair was tested as described in (Schmittgen and Livak,
2008), and all efficiencies were approximately equal. Amplifications of unknowns were carried
out within the dynamic range of each assay. The Ct range of target detection was 17–33. No
PCR products were observed in negative controls. Data were analyzed using the comparative
Ct method (Schmittgen and Livak, 2008) with GAPDH serving as the internal reference gene.
8

ERK5 knockdown
An ERK5 shRNA clone (V2LHS 202701) and a non-silencing control (RHS4346) were
purchased from the Open Biosystems GIPZ Lentiviral shRNAmir library (Huntsville, AL).
The lentiviruses were packaged in the 293-FT cell line (Invitrogen, Carlsbad, CA).
Supernatants were collected 48 h after transfection, spun at 100 × g for 5 min, filtered through
a 0.4 μm membrane, and stored at −80°C. This preparation was used to infect HeLa cells.
Selection in 0.2 μg/ml puromycin produced polyclonal stable cell lines. Knockdown of ERK5
was monitored by immunoblot analysis.
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Immunoprecipitation
The vector that expresses epitope-tagged ERK5, pcDNA3-FLAG-BMK1, was the generous
gift of Dr. Jiing-Dwan Lee (Department of Immunology, The Scripps Research Institute, La
Jolla, CA). Cells were transfected with 5 μg of pcDNA3-FLAG-BMK1. The next day, cells
were washed twice with cold PBS, solubilized with lysis buffer (20 mM HEPES pH 7.6, 1%
Triton X-100, 137 mM NaCl, 0.1 mM Na3VO4, 25 mM β-glycerophosphate, 3 mM EDTA
and 1 mM phenylmethylsulfonyl fluoride), incubated for 10 min on ice, and centrifuged at
14,000 × g for 15 min at 4°C. FLAG-BMK1 was immunoprecipitated from precleared lysate
(500 μg total protein) by incubation for 2 h at 4°C with anti-FLAG antibody (Sigma, St. Louis,
MO) bound to protein G-agarose beads. Phospho-FLAG-BMK1 was detected by immunoblot
and an anti-phospho-ERK5 rabbit polyclonal antibody purchased from Cell Signaling
(Beverly, MA).

Statistical analyses
Statistical analyses were performed using GraphPad Prism version 4.0 for Macintosh. To
compare treatment means, we used a standard 1-way analysis of variance (ANOVA). Where
ANOVA main effects were significant (p < 0.05), all pairwise differences between means were
assessed using Tukey’s Honestly Significant Differences (HSD) test. Statistical significance
of quantitative real-time PCR data was assessed using a 2-way ANOVA and the Bonferroni
post-test. Post-hoc tests were conducted with α = 0.05.

Results
Palytoxin, but not TPA, stimulates ERK5 in HeLa and 308 cells

We incubated HeLa cells (Fig. 1) and 308 mouse keratinocytes (Fig. 2) with palytoxin over a
240 minute time course, and monitored ERK5 activation by immunoblot analysis. For these
studies, we used the lowest concentrations of palytoxin that stimulated a detectable effect on
ERK5 in HeLa and 308 cells, 30 pM and 100 pM, respectively. Several groups have established
that ERK5 phosphorylation, which corresponds to ERK5 activity, is indicated by the
appearance of a slower migrating form of ERK5 (Kato et al., 1998;Esparis-Ogando et al.,
2002;Mody et al., 2003;Scapoli et al., 2004;Woo et al., 2008;Montero et al., 2009). Likewise,
we found that palytoxin stimulated the phosphorylation of transiently expressed ERK5 in HeLa
cells (Fig. 1, top panel) in a manner that corresponds to the appearance of a slower migrating
form of endogenous ERK5 (Fig. 1, second panel). Phosphorylation of transiently expressed
ERK5 was detected using antibodies that bind to the dually phosphorylated, active form of
ERK5; immunoblot analysis was not sensitive enough to detect endogenous phospho-ERK5
with these antibodies. Altogether, these results indicate that palytoxin triggers the activation
of ERK5 in HeLa and 308 cells.

The time course of palytoxin-stimulated ERK5 phosphorylation differs significantly from the
time-courses of palytoxin-stimulated phosphorylation of the three major MAPK family
members, ERK1/2, JNK, and p38 (Figs. 3 and 4). In HeLa cells, palytoxin-induced
phosphorylation of ERK5 was detected by 60 minutes, remained highly elevated through 120
minutes, and decreased substantially by 240 minutes (Fig. 3, top panel). By contrast, palytoxin-
induced ERK1/2 phosphorylation, continued to increase gradually over the 240-minute time
course (Fig. 3, second panel). Palytoxin induced a substantial increase in JNK and p38
phosphorylation by 30 minutes, prior to detection of ERK5 activation, and JNK and p38
phosphorylation remained elevated for at least 180 minutes (Fig. 3, third and fourth panels).
Palytoxin also stimulated transient ERK5 phosphorylation, the slow accumulation of ERK1/2
phosphorylation, and sustained JNK and p38 phosphorylation in 308 cells (Fig. 4). In 308 cells,
palytoxin-induced phosphorylation of ERK5, ERK1/2, JNK, and p38 was first detected at later
time points than in HeLa cells (compare Fig. 3 and Fig. 4). The more sensitive cells are to
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palytoxin, the more rapid the response (Kuroki et al., 1996). Therefore the delay in detection
of palytoxin-stimulated MAPK activation in 308 cells suggests that these cells may be less
sensitive to palytoxin than HeLa cells. Altogether, the observation that palytoxin stimulates
ERK5 activation with a time course that differs from that of ERK1/2, JNK, and p38 activation
suggests that the mechanism by which palytoxin modulates ERK5 differs from the mechanisms
by which palytoxin modulates the three major MAPK family members.

Next, we determined if the prototypical phorbol ester tumor promoter TPA modulates ERK5
in HeLa and 308 cells. We previously demonstrated that although palytoxin and TPA bind to
different cellular receptors, the initially distinct signaling pathways stimulated by palytoxin
and TPA can converge to regulate common downstream targets, including ERK1/2 (Warmka
et al., 2002). In contrast to palytoxin, however, TPA did not stimulate a detectable increase in
ERK5 phosphorylation in either cell line (Fig. 5, top panels) under conditions where it did
activate ERK1/2 (Fig. 5, middle panels). This suggests that ERK5 represents a divergence in
the signaling pathways activated by palytoxin and TPA in HeLa and 308.

Palytoxin stimulates ERK5 through a Na+,K+-ATPase-dependent mechanism that is not
mimicked by inhibition protein synthesis or inhibition of serine/threonine or tyrosine
phosphatases

The major membrane receptor for palytoxin is the Na+,K+-ATPase (Habermann, 1989).
Accordingly, we found that incubation of HeLa cells with ouabain, which binds to the Na+,K
+-ATPase, blocked the ability of palytoxin to stimulate the phosphorylation of ERK5 (Figs.
6A and 6C). These studies were not conducted in 308 cells because rodent cells are typically
resistant to ouabain (Emanuel et al., 1988). Ouabain did not affect the ability of EGF to
stimulate ERK5 phosphorylation (Fig. 6B), which indicates that ouabain does not cause a
nonspecific block in ERK5 phosphorylation. Finally ouabain alone did not stimulate a
detectable increase in ERK5 phosphorylation under conditions where HeLa cells were
incubated with concentrations of ouabain ranging from 100 nM to 1 mM, over time courses
that ranged from 2 min to 240 min (Fig. 6B and data not shown). These results indicate that
palytoxin activates ERK5 through a mechanism that requires its interaction with the Na+,K+-
ATPase.

We were interested in determining whether the protein synthesis inhibitor cycloheximide could
mimic the effect of palytoxin on ERK5 phosphorylation because we previously showed that
palytoxin increases ERK1/2 phosphorylation in 308 cells by stimulating a loss of the
phosphatase MKP-3, which is an unstable protein (Warmka et al., 2004). Incubation of HeLa
and 308 cells with cycloheximide did not stimulate a detectable increase in ERK5
phosphorylation (Fig. 7, upper panels). Cycloheximide did stimulate the phosphorylation of
ERK1/2 in both cell lines, which indicates that the compound is active under the conditions of
these studies (Fig. 7, middle panels). Altogether, these results indicate that palytoxin does not
stimulate the phosphorylation of ERK5 by blocking the production of an unstable protein.

Like other major members of the MAPK family, ERK5 is activated by phosphorylation of
specific tyrosine and threonine residues (Mody et al., 2003). Because we previously
demonstrated that palytoxin stimulates the phosphorylation of ERK1/2 in 308 cells by
stimulating a loss of phosphatase action (Warmka et al., 2004), we wanted to determine if
inhibiting major classes of phosphatases could mimic the effect of palytoxin on ERK5. Sodium
orthovanadate, which inhibits tyrosine phosphatases, did not stimulate a detectable increase in
ERK5 phosphorylation in either HeLa or 308 cells (Fig. 8, upper panels). Sodium
orthovanadate stimulated the rapid and sustained phosphorylation of ERK1/2 in both cell lines,
however (Fig. 8, middle panels). These results highlight the difference between the regulation
of ERK1/2 and ERK5 by protein tyrosine phosphatases, and indicate that palytoxin is unlikely
to activate ERK5 by inhibiting this class of phosphatases.
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Okadaic acid is a selective inhibitor of the serine threonine phosphatase protein phosphatase
2A at the concentration used in these studies (Bialojan and Takai, 1988; Millward et al.,
1999). Incubation of HeLa cells with okadaic acid for 240 minutes resulted in a slight increase
in ERK5 phosphorylation (Fig. 9, top panel), but a dramatic increase in phospho-ERK1/2 (Fig.
9, middle panel). Incubation of 308 cells with okadaic acid stimulated a detectable increase in
both ERK5 and ERK1/2 phosphorylation by 120 minutes and 60 minutes, respectively (Fig.
9). The difference between the sensitivity of HeLa and 308 cells to okadaic acid may be due
to cell type-dependent differences in the expression of specific phosphatases. Okadaic acid
stimulates the gradual accumulation of both phospho-ERK1/2 and phospho-ERK5 (Fig. 9).
Like okadaic acid, palytoxin stimulates the gradual accumulation of phospho-ERK1/2, but in
contrast to okadaic acid, palytoxin stimulates transient ERK5 phosphorylation (Figs. 3 and 4).
These results indicate that although ERK5 is a common target of these two non-TPA-type
tumor promoters, palytoxin and okadaic acid modulate ERK5 through distinct mechanisms.

ERK5 contributes to palytoxin-stimulated c-Fos gene expression
We previously reported that palytoxin modulates c-Fos in 308 mouse keratinocytes (Warmka
et al., 2002). We concluded that palytoxin modulated c-Fos through an ERK1/2-dependent
pathway based on the observation that the ability of palytoxin to increase c-Fos levels was
blocked by PD98059, which inhibits MEK1/2, the kinases that phosphorylate and activate
ERK1/2. Two lines of evidence led us to investigate the role of ERK5 in the ability of palytoxin
to increase c-Fos RNA levels. First, several types of MEK1/2 inhibitors can also inhibit MEK5,
the kinase that phosphorylates and activates ERK5 (Kamakura et al., 1999; Mody et al.,
2001). Consequently, in some cell types these pharmacological agents can inhibit the activation
of ERK5, as well as ERK1/2. Second, studies indicate that both ERK1/2 and ERK5 play a role
in serum-stimulated c-Fos gene expression (Sasaki et al., 2006).

To investigate the role of ERK5 in palytoxin-induced c-Fos gene expression, we first identified
a concentration of the pharmacological agent U0126 (3 μM) that blocks the ability of palytoxin
to activate ERK1/2, but not ERK5 in 308 and HeLa cells (Figs. 10A and 10B). Next, we used
real-time PCR to determine how incubation of the cells with 3 μM U0126 affected palytoxin-
induced c-Fos gene expression. In 308 cells, 3 μM U0126 partially blocked palytoxin-induced
c-Fos gene expression; c-Fos gene expression was inhibited by approximately 80% at 120
minutes and 70% at 180 minutes (Fig. 10C). Incubation of 308 cells with 10 μM U0126, which
blocked both palytoxin-stimulated ERK1/2 and ERK5 activation (Fig. 10A), resulted in almost
complete inhibition of palytoxin-stimulated c-Fos gene expression (Fig. 10C). These results
indicate that although ERK1/2 plays an important role in palytoxin-induced c-Fos gene
expression, ERK5 also contributes to the modulation of c-Fos by palytoxin in 308 cells.
Likewise, 3 μM U0126 inhibited palytoxin-stimulated c-Fos gene expression by approximately
70% in HeLa cells (Fig. 10D). We were not able to efficiently block palytoxin-stimulated ERK5
activation with U0126 in HeLa cells (Fig. 10B). We were able to achieve efficient knockdown
of ERK5 in HeLa cells using shRNA, however (Fig. 11A). Knockdown of ERK5 caused a
partial block in palytoxin-induced c-Fos gene expression in HeLa cells at 60 minutes
(approximately 50%) (Fig. 11B). There was no detectable effect of ERK5 knockdown on
palytoxin-induced in c-Fos gene expression at 180 minutes (Fig. 11B). Knockdown of ERK5
did not affect the ability of TPA to induce c-Fos gene expression (Fig. 11C). This indicates
that the effect of ERK5 knockdown on palytoxin-induced c-Fos gene expression is not
nonspecific, and furthermore that TPA and palytoxin can modulate c-Fos through activation
of different MAPK family members.
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Discussion
The studies reported here demonstrate, for the first time, that ERK5 plays a role in the signaling
pathways stimulated by the non-TPA-type tumor promoter palytoxin. Moreover, to our
knowledge, this is the first report that the interaction of a toxicological or pharmacological
agent with the Na+,K+-ATPase results in the modulation of ERK5. We did not detect any
effect of ouabain on ERK5, although we previously detected activation of ERK1/2, JNK, and
p38 by ouabain in HeLa cells (Li and Wattenberg, 1998). Therefore, activation of ERK5
represents a difference in the signaling pathways stimulated by two agents that bind to the Na
+,K+-ATPase. This is also the first report that the non-TPA-type tumor promoter okadaic acid
stimulates ERK5 activation. By contrast to palytoxin and okadaic acid, the prototypical phorbol
ester tumor promoter TPA did not stimulate detectable ERK5 activation HeLa and 308 cells.
Altogether, the results presented here indicate that ERK5 represents an alternative signaling
molecule through which different types of tumor promoters can modulate nuclear targets.

ERK5, like the other three major MAPKs, is activated by phosphorylation of specific tyrosine
and threonine residues (reviewed in (Dhillon et al., 2007)). MAPK activity is determined by
the balance between the phosphorylation and activation by upstream kinases, and the
dephosphorylation and inactivation by phosphatases. We have found that palytoxin can
modulate the activity of other MAPK family members both through activation of upstream
kinases (MAPKKs) and by inhibiting phosphatase action (Kuroki et al., 1997; Li and
Wattenberg, 1999; Warmka et al., 2004). For example, we previously showed that palytoxin
stimulates the phosphorylation and activation of JNK and p38 through activation of the
upstream kinases SEK1, MKK3, and MKK6 (Kuroki et al., 1997; Li and Wattenberg, 1999).
We found that U0126, which can inhibit MEK5 (Mody et al., 2001), the kinase that
phosphorylates and activates ERK5, inhibits palytoxin-stimulated ERK5 activation in 308 cells
and partially inhibits ERK5 activation in HeLa cells. These results indicate that MEK5 plays
a role in the activation of ERK5 by palytoxin. The mechanisms by which palytoxin-stimulated
ion flux stimulates MEK5 remain to be determined. We previously showed that in 308 cells
palytoxin increases ERK1/2 activity not through the activation of MEK1/2, but instead by
downregulating MKP-3, an ERK1/2-specific phosphatase that is elevated in this cell line
(Warmka et al., 2004). The slow accumulation of phospho-ERK1/2 observed in palytoxin-
treated 308 cells is characteristic of phosphatase inhibition. The transient nature of palytoxin-
stimulated ERK5 phosphorylation suggests that palytoxin does not increase ERK5 activity by
inactivating a phosphatase. Our finding that the phosphatase inhibitors sodium orthovanadate
and okadaic acid do not mimic palytoxin action supports this conclusion.

Our studies indicate that ERK5 plays a role in the modulation of c-Fos by palytoxin. We found
that a low concentration of U0126, which blocks the stimulation of ERK1/2, but not ERK5,
by palytoxin, only partially inhibited c-Fos gene expression. This suggested that other signaling
pathways are also be involved in the modulation of this proto-oncogene by palytoxin. Two
lines of evidence support the conclusion that ERK5 is involved in the signaling pathways that
mediate palytoxin-stimulated c-Fos gene expression. First, a concentration of U0126 that
blocks both ERK1/2 and ERK5 further blocked the ability of palytoxin to increase c-Fos RNA
in 308 cells. Second, knockdown of ERK5 by shRNA in HeLa cells inhibited palytoxin-
stimulated c-Fos gene expression. Knockdown on ERK5 resulted in a significant decrease in
c-Fos gene expression at 60 minutes, but did not appear to significantly affect palytoxin-
stimulated c-Fos gene expression at 180 minutes. This may be because palytoxin-stimulated
ERK1/2 activation can compensate for the loss of ERK5 at this time point. At 60 minutes,
palytoxin-stimulated ERK5 activity may predominate over ERK1/2 activity (see Fig. 3). By
180 minutes, ERK5 activity is decreasing, while ERK1/2 activity is continuing to increase; the
increase in palytoxin-stimulated ERK1/2 activity by 180 minutes may be sufficiently high that
ERK5 is no longer required to maintain elevated c-Fos gene expression. The observation that
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3 μM U0126, which blocks the stimulation of ERK1/2 but not ERK5 in HeLa cells, does not
totally block palytoxin-induced c-Fos gene expression at 180 minutes (see Fig. 10D), suggests
that pathways in addition to ERK1/2 and ERK5 also contribute to palytoxin-induced c-Fos
gene expression in HeLa cells. Interestingly, there appears to be considerable redundancy in
the action of various MAPK families. For example, the transcription factor Sap1a, which has
been implicated in the transcriptional regulation of c-Fos can be modulated by both ERK1/2
and ERK5 (Janknecht et al., 1995;Strahl et al., 1996;Kamakura et al., 1999;Yordy and Muise-
Helmericks, 2000). Elk-1, another transcription factor involved in the regulation of c-Fos gene
expression, can be modulated by ERK1/2, JNK, and p38 (Cavigelli et al., 1995;Gille et al.,
1995;Whitmarsh et al., 1995;Raingeaud et al., 1996). This helps explain why c-Fos is a
common target of tumor promoters that trigger diverse signals. Whereas TPA modulates c-Fos
through activation of ERK1/2 (Zeliadt et al., 2004), palytoxin can modulate c-Fos through the
activation of ERK1/2, ERK5, and perhaps other pathways as well.

Different types of studies suggest that ERK5 is involved in carcinogenesis. For example, it has
been reported that ERK5 protein is elevated in tissue from malignant human prostate cancer
tissue relative to normal tissue (McCracken et al., 2008). Furthermore, whereas the MEK1
inhibitor PD184352 blocked proliferation of the PC3 prostate cancer cell line at high
concentrations that inhibit ERK5, PD184352 did not block proliferation of PC3 cells at low
concentrations that inhibit ERK1/2 but not ERK5 (McCracken et al., 2008). Active ERK5 has
also been detected in human breast cancer tissue and in tumor tissue from an animal model of
breast cancer (Montero et al., 2009). ERK5 also appears to be involved in the signaling
pathways that regulate the adhesion and motility of metastatic breast and prostate cancer cell
lines (Sawhney et al., 2009). A role for ERK5 in angiogenesis during tumorigenesis has also
been suggested by studies conducted using ERK5 knockout mice (Hayashi et al., 2005). ERK5
has also been implicated in the regulation of the proto-oncogenes c-Fos, Fra-1, and c-Jun, which
further supports the idea that aberrant regulation of ERK5 may be involved in carcinogenesis
(Kato et al., 1997; Terasawa et al., 2003). The observation that ERK5 is involved in asbestos-
stimulated proliferation of a murine alveolar type II epithelial cell line (C10) suggests that
ERK5 may be a target of environmental carcinogens (Scapoli et al., 2004). Finally, our
observation that two non-TPA-type tumor promoters, palytoxin and okadaic acid, activate
ERK5 suggests that ERK5 may also be involved in early stages of carcinogenesis.

Establishing the role of ERK5 in palytoxin-stimulated tumor promotion requires further study.
The mechanisms by which palytoxin stimulates tumor promotion are not clear. Palytoxin is
cytotoxic in cell culture and also caused toxicity when used in the multi-stage mouse skin model
(Fujiki et al., 1986). Although palytoxin may stimulate cell proliferation in vivo, palytoxin
may also stimulate tumor promotion by other mechanisms. For example, it is possible that
initiated cells that express oncogenic Ras are resistant to palytoxin-induced cytoxicity, thus
giving a growth advantage to initiated cells. Alternatively, palytoxin may stimulate the release
of agents from cells that stimulate the growth of neighboring cells or perhaps induce an
inflammatory response that contributes to tumor promotion. For example, palytoxin stimulates
arachidonic acid metabolism and the release of prostaglandins in other systems (Levine et al.,
1986; Lazzaro et al., 1987; Miura et al., 2006). Our observation that palytoxin stimulates ERK5
activation in two different cell types suggests that the role of ERK5 should be examined in
various types of systems in which palytoxinstimulates responses that are likely to be involved
in carcinogenesis.

Humans are likely to be exposed to palytoxin through two main routes. Palytoxin is isolated
from corals found in Hawaii and the Caribbean Islands (Moore and Scheuer, 1971; Ishida et
al., 1983). Humans can be exposed to palytoxin through the food chain (Mebs, 1998); palytoxin
has been linked to poisonings due to consumption of crabs, mackerel, and sardines (Alcala et
al., 1988; Kodama et al., 1989; Onuma et al., 1999). Another route of exposure to palytoxin is
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through the maintenance of aquariums (Hoffmann et al., 2008). The corals that produce
palytoxin are commonly found in aquariums used in exhibitions as well as aquariums
maintained as a hobby. Exposure can occur from inhaling aerosolized water that contains
palytoxin and through skin contact. Although palytoxin has been implicated in poisonings from
consuming seafood and from cleaning an aquarium, to our knowledge, the amount of palytoxin
that humans might be exposed to at nontoxic doses through consumption of seafood and
exposure to water the contains palytoxin has not been estimated.

We have used the novel tumor promoter palytoxin to both identify common biochemical targets
of proto-typical phorbol ester tumor promoters and non-TPA-type tumor promoters, such as
c-Fos, and to reveal alternate signaling pathways by which such potentially critical targets can
be modulated. Altogether, these studies may help reveal mechanisms by which a broad range
of agents can affect carcinogenesis.
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Figure 1. Palytoxin stimulates ERK5 in HeLa cells
Top panel: HeLa cells transfected with pcDNA-FLAG-BMK1(ERK5) were incubated with 30
pM palytoxin for the indicated times. FLAG-ERK5 was immunoprecipitated from whole cell
lysates followed by immunoblotting with an antibody that detects the phosphorylated, active
form of ERK5 (pERK5). Other panels: HeLa cells were incubated with 30 pM palytoxin for
the indicated times. Whole cell lysates (20 μg protein) were analyzed by immunoblot for the
following: ERK5; phosphorylated, active ERK1/2 (pERK2); total ERK2; phosphorylated,
active JNK1 and JNK2 (pJNK1 and pJNK2); total JNK1 (JNK1 and JNK2); phosphorylated,
active p38 (pp38); and total p38. Note: In HeLa cells, the total JNK1 antibody detects both
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JNK1 and JNK2. The arrow marks the slower migrating form of ERK5. The data shown are
representative of at least three independent experiments.
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Figure 2. Palytoxin stimulates ERK5 in 308 cells
308 cells were incubated with 100 pM palytoxin for the indicated times. Whole cell lysates (20
μg of protein) were analyzed by immunoblot analysis for the following: ERK5; phosphorylated,
active ERK1/2 (pERK1 and pERK2); total ERK2; phosphorylated, active JNK1 and JNK2
(pJNK1 and pJNK2); total JNK1; phosphorylated, active p38 (pp38); and total p38. The arrow
marks the slower migrating form of ERK5. The data shown are representative of at least three
independent experiments.
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Figure 3. Palytoxin stimulates ERK5 with a different time course than ERK1/2, JNK, and p38 in
HeLa cells
HeLa cells were incubated with 30 pM palytoxin for the indicated times. Whole cell lysates
(20 μg of protein) were analyzed by immunoblot for the following: ERK5; phosphorylated,
active ERK1/2; phosphorylated, active JNK1 and JNK2; and phosphorylated, active p38. Each
time point was run in triplicate. Band intensities were quantitated by densitometry for the
graphical representation of the data. The units shown for pERK5 represent the ratio of the
shifted ERK5 band to the total of the upper and lower bands as described in (Kato et al.,
1998). The bars represent the average of triplicates +/− S.D. Asterisks denote values that were
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determined to be statistically significantly different from the zero time point (p < 0.01). The
data shown are representative of at least three independent experiments.
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Figure 4. Palytoxin stimulates ERK5 with a different time course than ERK1/2, JNK, and p38 in
308 cells
308 cells were incubated with 100 pM palytoxin for the indicated times. Whole cell lysates (20
μg of protein) were analyzed by immunoblot for the following: ERK5; phosphorylated, active
ERK1/2; phosphorylated, active JNK1 and JNK2; and phosphorylated, active p38 (pp38). Each
time point was run in triplicate. For the graphical representation of the data, band intensities
were quantitated by densitometry. The units shown for pERK5 represent the ratio of the shifted
ERK5 band to the total of the upper and lower bands as described in (Kato et al., 1998). The
bars represent the average of triplicates +/− S.D. Asterisks denote values that were determined
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to be statistically significantly different from the zero time point (p < 0.01). The data shown
are representative of at least three independent experiments.
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Figure 5. TPA does not stimulate detectable ERK5 activation in HeLa or 308 cells
HeLa and 308 cells were incubated for the indicated times with 160 nM TPA. Whole cell lysates
(20 μg of protein) were analyzed by immunoblot for the following: ERK5; phosphorylated,
active ERK1/2 (pERK1 and pERK2); and total ERK2. The HeLa studies represent one
experiment. The data shown for the 308 cells are representative of two independent
experiments.
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Figure 6. Palytoxin stimulates ERK5 through a Na+,K+-ATPase-dependent pathway
A) HeLa cells were incubated for 30 minutes with the indicated concentrations of ouabain.
Palytoxin was added to a final concentration of 30 pM, where indicated by the underscore, and
the cells were incubated for 120 minutes. Whole cell lysates (20 μg protein) were analyzed for
ERK5 by immunoblot. The arrow marks the slower migrating form of ERK5. B) HeLa cells
were incubated for 30 minutes in the absence (−) or presence (+) of 100 μM ouabain. EGF was
added to a final concentration of 3 nM, where indicated by the underscore, and the cells were
incubated for 20 minutes. Whole cell lysates (20 μg protein) were analyzed for ERK5 by
immunoblot. The arrow marks the slower migrating form of ERK5. C) HeLa cells were
incubated for 30 minutes with the indicated concentrations of ouabain. Palytoxin was not (−)
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or was (+) added to a final concentration of 30 pM and the cells were incubated for 120 minutes.
Whole cell lysates were analyzed for ERK5 by immunoblot. Each point was run in triplicate.
The band intensities were quantitated by densitometry. The units shown for pERK5 represent
the ratio of the shifted ERK5 band to the total of the upper and lower bands. This method for
quantitating the ERK5 band shift was conducted as described in (Kato et al., 1998). The bars
represent the average of triplicates +/− S.D. Asterisks denote values that were determined to
be statistically significantly different from control (absence of ouabain and palytoxin) (p <
0.05). The palytoxin data shown are representative of at least three independent experiments.
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Figure 7. The protein synthesis inhibitor cycloheximide does not mimic the effect of palytoxin on
ERK5
HeLa and 308 cells were incubated for the indicated times with 36 μM cycloheximide. Protein
from whole cell lysates (20 μg) was analyzed by immunoblot analysis for the following: ERK5;
phosphorylated, active ERK1/2 (pERK1 and pERK2); and total ERK2. The HeLa studies
represent one experiment. The data shown for the 308 cells are representative of two
independent experiments.
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Figure 8. The tyrosine phosphatase inhibitor sodium orthovanadate does not mimic the effect of
palytoxin on ERK5
HeLa and 308 cells were incubated for the indicated times with 1 mM sodium orthovanadate.
Protein (20 μg) from whole cell lysates was analyzed by immunoblot for the following: ERK5;
phosphorylated, active ERK1/2 (pERK1 and pERK2); and total ERK2. The data shown are
representative of at least two independent experiments.
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Figure 9. Okadaic acid stimulates ERK5 phosphorylation with different kinetics than palytoxin in
308 cells
HeLa and 308 cells were incubated for the indicated times with 120 nM okadaic acid. Protein
(20 μg) from whole cell lysates was analyzed by immunoblot for the following: ERK5;
phosphorylated, active ERK1/2 (pERK1 and pERK2); and total ERK2. The arrow marks the
slower migrating form of ERK5. The data shown are representative of at least two independent
experiments.
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Figure 10. U0126 inhibits palytoxin-stimulated increases in c-Fos RNA in HeLa and 308 cells
(A) 308 and (B) HeLa cells were incubated with the indicated concentrations of U0126 for 30
minutes. Palytoxin was added to a final concentration of 100 pM in 308 cells and 30 pM in
HeLa cells. After 120 minutes, the cells were lysed. Protein (20 μg) from whole cell lysates
was analyzed by immunoblot for the following: ERK5; phosphorylated, active ERK1/2
(pERK1 and pERK2); and total ERK2. The lane denoted “C” indicates lysates prepared from
cells that were not treated with palytoxin or U0126, and therefore represents basal ERK5. The
arrow marks the slower migrating form of ERK5. (C) 308 cells were incubated for 30 minutes
in the absence (open bars) or presence of either 3 μM U0126 (hatched bars) or 10 μM U0126
(dotted bars) for 30 minutes. Palytoxin was added to a final concentration of 100 pM and the
cells were incubated for the indicated times. (D) HeLa cells were incubated in the absence
(open bars ) or presence of 3 μM U0126 (hatched bars) for 30 minutes. Palytoxin was added
to a final concentration of 30 pM and the cells were incubated for the indicated times. The cells
were lysed and RNA levels were determined by quantitative real-time PCR analysis and the
comparative Ct method. Data were normalized to GAPDH RNA levels and expressed relative
to the zero time point for control. The bars represent the average of triplicates +/− SEM.
Asterisks denote values that were determined to be statistically significantly different from the
zero time point (p < 0.05). The data shown are representative of at least two independent
experiments.
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Fig. 11. ERK5 knockdown inhibits palytoxin-induced c-Fos expression
(A) Whole cell lysates were prepared from HeLa cells that were either not transduced (−), that
stably express non-silencing shRNA (ns), or that stably express ERK5 shRNA (ERK5). Protein
(20 μg) from the whole cell lysates was analyzed by immunoblot for ERK5. HeLa cells that
stably express non-silencing shRNA (NS, open bars), or that stably express ERK5 shRNA
(ERK5 shRNA, hatched bars) were (B) incubated for the indicated times with 30 pM palytoxin
or (C) incubated for 30 minutes with 160 nM TPA. c-Fos RNA levels were determined by
quantitative real-time PCR analysis and the comparative Ct method. Data were normalized to
GAPDH RNA levels and expressed relative to nontreated HeLa cells that stably express non-
silencing shRNA (NS). The bars represent the average of triplicates +/− SEM. Asterisks
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indicate p < 0.05, ERK5 shRNA compared to NS for each time point. The difference between
basal c-Fos gene expression in ERK5 knockdown cells vs. NS cells was never greater than 1.4
fold. The TPA data represent one experiment. The palytoxin data shown are representative of
three independent experiments.
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