1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

s NIH Public Access
I‘E@" Author Manuscript

Rrens®

Published in final edited form as:
Toxicon. 2011 March 1; 57(3): 440-448. doi:10.1016/j.toxicon.2010.11.003.

Modulation of protein kinase signaling cascades by palytoxin
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Abstract

Although known for its acutely toxic action, palytoxin has also been identified as a type of
carcinogenic agent called a tumor promoter. In general tumor promoters do not damage DNA, but
instead contribute to carcinogenesis by disrupting the regulation of cellular signaling. The
identification of palytoxin as a tumor promoter, together with the recognition that the Na*,K*-
ATPase is its receptor, led to research on how palytoxin triggers the modulation of signal
transduction pathways. This review focuses on mitogen activated protein (MAP) kinases as
mediators of palytoxin-stimulated signaling. MAP kinases are a family of serine/threonine kinases
that relay a variety of signals to the cellular machinery that regulates cell fate and function. The
studies discussed in this review investigated how palytoxin stimulates MAP kinase activity and, in
turn, how MAP kinases mediate the response of cells to palytoxin.
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1. Introduction

The carcinogenic action of palytoxin was revealed by the multi-stage mouse skin model of
carcinogenesis (Fujiki et al., 1986). The development of cancer involves a series of genetic
and epigenetic changes that occur at different stages of tumorigenesis, starting with early
changes in cell behavior, proceeding to the development of benign tumors, and then
progressing to the development of malignant tumors. The multi-stage mouse skin model has
been instrumental in revealing important genetic and biochemical changes that occur during
the process of carcinogenesis (Yuspa, 1998).

Traditionally, the multi-stage mouse skin model has been used to classify chemical
carcinogens as either initiators, which typically damage DNA, or tumor promoters, which do
not directly damage DNA, but instead alter signal transduction pathways. The first stage of
carcinogenesis in this model is called initiation; in this stage the single application of an
initiator results in the activation of the oncogene Ras (Balmain and Pragnell, 1983).

Contact information: Elizabeth V. Wattenberg, Division of Environmental Health Sciences, School of Public Health, University of
Minnesota, Mayo Mail Code #807, 420 Delaware Street SE, Minneapolis, MN 55455 USA, watte004@umn.edu, phone: 612-626—
0184, fax: 612-626-0650.

Conflicts of interest

There are no conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wattenberg

Page 2

Initiation is a rapid, irreversible stage. The second stage is called tumor promotion. This
stage requires repeated application of the tumor promoter over the course of several weeks
and results in the development of benign tumors called papillomas (Hennings et al., 1993;
Yuspa, 1998). Tumor promotion is reversible if tumor promoter treatment is ceased.

The phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) (also called phorbol-12-
myristate-13-acetate or PMA) is the prototypical tumor promoter in the multistage mouse
skin model. The identification of protein kinase C as the receptor for TPA represented a
major breakthrough in the field of carcinogenesis because it suggested that tumor promoter
action involves the aberrant modulation of protein kinases involved in signal transduction
(Nishizuka, 1984). Once protein kinase C was identified as the phorbol ester receptor,
however, studies were designed to determine if other types of compounds could also act as
tumor promoters, and whether their action was necessarily mediated by protein kinase C.

Palytoxin was identified as a tumor promoter in a screen of naturally occurring compounds
isolated from various sources, including plants and marine products (Fujiki et al., 1983). The
screen included a series of short-term tests that detect typical cellular and physiological
responses to tumor promoters. These tests included irritation of mouse skin, induction of
ornithine decarboxylase in mouse skin, and induction of the adhesion of human
promyelocytic leukemia cells (HL60). The compounds were also tested for tumor promoting
activity in the multi-stage mouse skin model. Compounds that scored positive in the multi-
stage mouse skin model were classified as non-TPA-type if they failed to bind to and
activate protein kinase C in vitro. Palytoxin, like TPA, scored positive in the assays for skin
irritation and tumor promotion. In contrast to TPA, however, palytoxin scored negative in
the assays for induction of ornithine decarboxylase and HL60 cell adhesion. Importantly,
palytoxin scored negative in the assays for protein kinase C binding and activation, and was
therefore classified as a non-TPA-type tumor promoter. These novel properties suggested
that studying palytoxin action might reveal new information about signal transduction and
tumor promotion.

Cell culture studies provided further evidence that palytoxin stimulates signaling pathways
that do not require phorbol ester-sensitive isoforms of protein kinase C (Wattenberg et al.,
1987). A set of early studies compared the signaling pathways by which palytoxin and TPA-
type tumor promoters modulate the epidermal growth factor (EGF) receptor in Swiss 3T3
fibroblasts (Wattenberg et al., 1987; Wattenberg et al., 1989a; Wattenberg et al., 1989b;
Wattenberg et al., 1989c). Both palytoxin and phorbol esters stimulated a loss of EGF
binding (Friedman et al., 1984; Wattenberg et al., 1987). Whereas down modulation of
protein kinase C blocked the effect of phorbol esters on the EGF receptor, the loss of protein
kinase C did not inhibit the effects of palytoxin (Wattenberg et al., 1987).

A clue to the nature of palytoxin-stimulated signaling was suggested by studies which
identified the Na*,K*-ATPase as the palytoxin receptor and reports that palytoxin stimulated
ion flux in a variety of excitable and non-excitable systems (Habermann, 1989). Although
palytoxin-stimulated ion flux is often associated with acute toxicity, subsequent studies
indicated that sodium influx plays an important role in the ability of palytoxin to stimulate
the down modulation of the EGF receptor under noncytotoxic conditions (Wattenberg et al.,
1989a; Wattenberg et al., 1989b). A search for biochemical mediators of palytoxin-
stimulated ion flux led to the identification of mitogen activated protein (MAP) kinases as
important targets of palytoxin action (Wattenberg, 2007).

2. Mitogen activated protein (MAP) kinases

The MAP kinase family of serine/threonine kinases mediates the action of a wide variety of
stimuli and plays a key role in regulating cell fate and function in many systems (Roux and
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Blenis, 2004; Dhillon et al., 2007; Raman et al., 2007; Turjanski et al., 2007).
Phosphorylation is a fundamental mechanism by which cells regulate the function of various
types of proteins. For example, phosphorylation can affect protein stability, enzyme activity,
and the activity of transcription factors (Roux and Blenis, 2004; Zeliadt et al., 2008). MAP
kinases phosphorylate and thus modulate the function of various types of proteins that are
located in the membrane, the cytosol and the nucleus; phosphatases that remove the
phosphate groups reverse the action of MAP kinases.

There are at least six major types of MAP kinases (Raman et al., 2007). The three types that
have been studied most extensively are extracellular signal regulated kinase 1 (ERK1) and
ERK2 (referred to here as ERK1/2), c-Jun N-terminal kinase/stress-activated protein kinase
(referred to here as JNK), and p38. MAP kinase family members are often initially
characterized by the types of signals that stimulate enzyme activation. For example, agents
that induce cell proliferation, such as growth factors, typically stimulate ERK1/2 activation.
Agents that are stressful to the cell, such as UV light and proinflammatory cytokines,
typically stimulate JNK and p38 activation. ERK5 (also called Big MAP kinase 1 or BMK1)
is a MAP kinase family member that is not as well characterized as ERK1/2, JINK, or p38,
but is receiving increasing attention as a mediator of signals stimulated by both mitogens,
such as EGF, and by stress, including osmotic shock (Abe et al., 1996; Kato et al., 1998;
Wang and Tournier, 2006).

MAP kinases themselves are regulated by reversible phosphorylation (Turjanski et al.,
2007). Full activation of MAP kinases requires dual phosphorylation of a conserved
threonine residue and a conserved tyrosine residue, separated by one amino acid, which are
located within the activation loop of the enzyme; restoring MAP kinases to the inactive state
requires dephosphorylation of these residues. The signal to phosphorylate and activate MAP
kinases is typically transmitted through the sequential phosphorylation and activation of
three kinases; this is known as a protein kinase cascade (Fig. 1). In general, the cell receives
a signal that stimulates the activation of a MAP kinase kinase kinase (MAPKK kinase).
Once activated the MAPKK kinase phosphorylates and activates a MAP kinase kinase
(MAPK kinase or MEK). The MAPK kinase can then phosphorylate and activate a MAP
kinase. The phosphorylated, active MAP kinase can then phosphorylate various types of
cellular substrates. For example, MAP kinases can translocate from the cytoplasm to the
nucleus and then phosphorylate and activate transcription factors, resulting in changes in
gene expression.

The major types of MAP kinases tend to be activated by different protein kinase cascades,
although cross talk between the cascades can occur (Fig. 1 and Fig. 2) (Dhillon et al.,
2007;Raman et al., 2007;Turjanski et al., 2007). The best-defined MAP kinase cascade is the
one that regulates ERK1/2 (Fig. 1). For example, EGF binds to a transmembrane tyrosine
kinase receptor, which stimulates the activation of the GTPase Ras. Ras activates a MAPKK
kinase called Raf. The phosphorylated, active form of Raf can then phosphorylate and
activate MEK1 and MEK2 (MAPK kinases referred to here as MEK1/2). The
phosphorylated, active forms of MEK1/2 can then phosphorylate and activate ERK1/2 (a
MAP kinase). ERK1/2 can then translocate from the cytoplasm to the nucleus and
phosphorylate transcription factors such as Elk-1, which regulates the expression of c-Fos
(Fig. 1) (Turjanski et al., 2007). JNK, p38, and ERKS5 are regulated by similar protein kinase
cascades (Fig. 2). Several MAPKK kinases can serve in the protein kinase cascades that
regulate JNK and p38 (Cuevas et al., 2007;Raman et al., 2007). MEK4 (also called SEK1)
and MEK?7 are MAPK kinases that can phosphorylate and activate JINK; MEK3 and MEK6
are MAPK kinases that can phosphorylate and activate p38 (Raman et al., 2007). MEKK?2
and MEKK3 are MAPKK kinases that can phosphorylate and activate MEK5, the MAPK
kinase that phosphorylates and activates ERK5 (Chao et al., 1999;Sun et al., 2001).
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The expression of specific MAP kinase modulators, such as upstream kinases, phosphatases,
and downstream molecular targets, can vary between cell types. As a result, the ability of
specific types of signals to selectively stimulate the activation of ERK1/2, JNK, p38, and
ERKS, and the role of specific MAP kinase family members in regulating cell fate and
function, can differ depending on the model system (Engelberg, 2004). For example, in
some systems ERKS5 can be involved in cell proliferation, while in others ERKS5 is involved
in apoptosis (Kato et al., 1998; Dinev et al., 2001; Sohn et al., 2008).

3. Palytoxin stimulates JNK activation through a pathway that involves ion

flux

The first indication that MAP kinases can mediate signals triggered by palytoxin came from
studies which showed that palytoxin stimulates JINK activation in Swiss 3T3 fibroblasts
(Kuroki et al., 1996). JNK activity is stimulated by osmaotic stress (Davis, 1994). Palytoxin
causes a type of osmotic stress through its interaction with the Na*,K*-ATPase and the
stimulation of ion flux. Together, these observations suggested that the osmotic stress often
associated with palytoxin-induced toxicity might also trigger the activation of cellular
signaling pathways.

The mechanisms by which palytoxin affects JINK activity were studied in Swiss 3T3, HelLa,
and COSY cells, which are commonly used to study signal transduction (Kuroki et al., 1996;
Kuroki et al., 1997). Incubation of cells with picomolar concentrations of palytoxin
stimulated sustained JNK activity (Kuroki et al., 1996). Interestingly, the dose-response
curve was an inverted U-shape in Swiss 3T3 cells. Under nontoxic conditions (picomolar
concentrations), JNK activity increased with increasing concentrations of palytoxin. Under
toxic conditions (hanomolar concentrations), JNK activity decreased with increasing
concentrations of palytoxin. Furthermore, there was a dose-dependent effect on the kinetics
of INK activation. Under conditions in which palytoxin was not toxic, the higher the
concentration of palytoxin, the more rapidly JNK activation was detected.

Although initial studies indicated that palytoxin stimulates JNK activation through a
mechanism that involves sodium influx, not calcium influx (Kuroki et al., 1996), a later
report indicated that palytoxin stimulates JNK activation in rat fibroblasts through a
mechanism that involves potassium efflux, as opposed to sodium influx (lordanov and
Magun, 1998). Finally, studies also demonstrated that palytoxin-stimulated signals are
transmitted to JNK through the activation of a protein kinase cascade, such that the
induction of ion flux by palytoxin results in the activation of MEK4, a MAPK kinase that
phosphorylates and activates JNK (Sanchez et al., 1994; Derijard et al., 1995; Lin et al.,
1995; Kuroki et al., 1997).

4. Palytoxin stimulates p38 activation through different protein kinases
cascades, depending on the cell type

Palytoxin also stimulates the activation of p38, another major stress-activated MAP kinase
that is activated in response to osmotic stress (Li and Wattenberg, 1999; Warmka et al.,
2002; Raman et al., 2007). Studies on the mechanisms by which palytoxin stimulates p38
activity revealed an intriguing difference between HelLa and COS7 cells with regard to the
protein kinase cascades that transmit palytoxin-induced signals to p38 (Li and Wattenberg,
1999). Although MEK3 and MEKG® are widely recognized as MAPK kinases that
specifically phosphorylate and activate p38 (Han et al., 1996; Moriguchi et al., 1996; Stein
et al., 1996), under some conditions MEK4, a MAPK kinase that phosphorylates and
activates JNK, can also phosphorylate and activate p38 (Derijard et al., 1995; Lin et al.,
1995). HeLa cells express MEK3, MEK®6, and MEK4, and, as expected, palytoxin
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stimulated the activation of all three MAPK kinases cascades that required MEK3 and
MEKS in HeLa cells, MEK4 was not required. Like HeLa cells, COS 7 cells express MEK3,
MEKS, and MEK4 (Li and Wattenberg, 1999). Surprisingly, and in contrast to HeLa cells,
in COS7 cells palytoxin stimulated the activation of MEK6 and MEK4, but not MEK3; the
protein kinase cascades that transmit palytoxin-stimulated signals to p38 in COS7 cells
require MEK6 and MEK4. These studies illustrate how palytoxin-stimulated signaling
cascades can differ between cell types.

A study conducted in MCF-7 human breast cancer cells suggests that heat shock protein 27
(Hsp27) may be one of the downstream targets of palytoxin-stimulated p38 activation (Sala
et al., 2009). Proteomic analysis of MCF-7 cells treated with a cytotoxic concentration of
palytoxin revealed the presence of Hsp27 phosphorylated on serine 82. p38 phosphorylates
and activates MAP kinase activated protein kinase-2 (MAPKAP kinase-2), which
phosphorylates Hsp27 (Stokoe et al., 1992; Roux and Blenis, 2004). It has thus been
suggested that palytoxin stimulates the phosphorylation of Hsp27 through a MAPKAP
kinase-2/p38 protein kinase cascade (Sala et al., 2009).

5. Palytoxin modulates ERK1/2 activity in cells that express oncogenic Ras

Early work supported the idea that the non-TPA-type tumor promoter palytoxin stimulates
different signaling pathways than the prototypical tumor promoter TPA. This was supported
by the observation that in COS7, HeLa, and Swiss 3T3 cells, palytoxin predominantly
stimulates JNK and p38 activation, the stress-activated MAP kinases, whereas phorbol esters
predominantly stimulate ERK1/2 activation, which is typically a mitogen-activated kinase
(Kuroki et al., 1996; Kuroki et al., 1997; Li and Wattenberg, 1998). These results were
consistent with the fact that palytoxin and TPA bind to very different types of receptors;
palytoxin signaling is triggered by changes in ion flux that result from modulation of the
Na* K*-ATPase, whereas TPA directly modulates the activity of protein kinase C. Yet the
discovery that ERK1/2, JNK, and p38 can modulate common substrates, despite their
stimulation by different types of signals, suggested that MAP kinases might act as mediators
through which the different signaling pathways stimulated by palytoxin and TPA could
converge to regulate common targets involved in carcinogenesis. For example, all three
major MAP kinases can phosphorylate and modulate the activity of the transcription factor
Elk-1, which regulates the expression of c-Fos; ERK1/2, JNK, and p38 also all modulate the
AP-1 family of transcription factors, which are dimers made up of various combinations of
Jun and Fos family members (Angel and Karin, 1991; Gille et al., 1995; Whitmarsh et al.,
1995; Raingeaud et al., 1996; Whitmarsh and Davis, 1996; Karin et al., 1997).

The concept that palytoxin and TPA modulate common transcription factors and stimulate
the expression of common genes through the activation of MAP kinases was investigated in
a keratinocyte cell line called 308 (Warmka et al., 2002; Zeliadt et al., 2003; Zeliadt et al.,
2004). 308 cells, which were derived from initiated mouse skin and express oncogenic Ras,
were chosen as a model for the likely target cells of tumor promoters in vivo (Strickland et
al., 1988). The most surprising result from these studies was that in initiated mouse
keratinocytes, as opposed to several other cell types, both palytoxin- and TPA-stimulated
signaling pathways lead to the activation of ERK1/2 activation (Warmka et al., 2002; Zeliadt
et al., 2004). These studies demonstrated again how the cellular context can dramatically
affect how palytoxin-stimulated signals are transmitted through the cell.

The significance of ERK1/2 as a common target for non-TPA-type and TPA-type tumor
promoters is supported by the observation that palytoxin and TPA modulate several
common downstream effects, which are likely to be involved in tumor promotion, through
ERK1/2-dependent pathways, including c-Fos gene expression, the modulation of AP-1, and
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the expression of matrix metalloproteinase 13 (MMP-13) (Warmka et al., 2002; Zeliadt et
al., 2004). In addition, several studies indicate that aberrant regulation of ERK1/2 is
involved in mouse and human carcinogenesis (Hoshino et al., 1999; Kim et al., 1999;
Albanell et al., 2001; Cohen et al., 2002; Santen et al., 2002; Segrelles et al., 2002; Smalley,
2003; Bourcier et al., 2006). Interestingly, although palytoxin stimulates the activation of
JNK and p38 in 308 cells, palytoxin does not require either JNK or p38 to increase c-Fos
protein levels or MMP-13 gene expression (Zeliadt et al., 2003).

These studies also suggested that 308 mouse keratinocytes express modulators of ERK1/2
activity that are sensitive to palytoxin action. The identification of such ERK1/2 modulators
could explain how the cellular context determines whether or not palytoxin can stimulate
ERKZ1/2 activity. MAP kinase activity is determined by the balance between
phosphorylation of specific tyrosine and threonine residues, which activates MAP kinases,
and dephosphorylation, which inactivates the kinases (Camps et al., 2000; Keyse, 2000;
Chen et al., 2001; Farooq and Zhou, 2004; Keyse, 2008). One possible explanation for the
observation that palytoxin stimulates ERK1/2 activity in 308 cells is that these cells, but not
others, express a novel MAPK kinase that is activated by palytoxin-stimulated signaling.
Alternatively, 308 cells could express a different set of phosphatases than other cell types; in
this case palytoxin could increase ERK1/2 activity by disrupting the activity of a
phosphatase that is a negative regulator of ERK1/2.

5.1 Palytoxin modulates ERK1/2 activity by down modulating the phosphatase MKP-3

Palytoxin increases ERK1/2 activity through a mechanism that is quite distinct from the
mechanisms by which it stimulates JNK and p38 activation. Whereas palytoxin stimulates
JNK and p38 through the activation of upstream MAPK kinases, palytoxin increases
ERKZ1/2 activity in 308 keratinocytes by stimulating a decrease in the cellular activity of an
ERKZ1/2 phosphatase. ERK1/2 activity can be modulated by three different classes of protein
phosphatases: tyrosine phosphatases, serine-threonine phosphatases, and a family of dual-
specificity phosphatases called MAP kinase phosphatases (MKPs) that dephosphorylate both
tyrosine and threonine residues (Camps et al., 2000; Keyse, 2000; Farooq and Zhou, 2004;
Raman et al., 2007; Keyse, 2008).

The surprising result that palytoxin did not stimulate MEK1/2 activity in 308 mouse
keratinocytes, together with the observation that incubation of 308 cells with palytoxin
resulted in a delayed, yet prolonged increase in ERK1/2 activity, suggested that palytoxin
increased ERK1/2 activity through the inactivation of a phosphatase (Warmka et al., 2004).
Accordingly, it was found that the ability of palytoxin to increase ERK1/2 activity was
linked to the down modulation of a phosphatase called MKP-3, a dual-specificity
phosphatase that is highly selective for dephosphorylating and inactivating ERK1/2 (Muda
et al., 1996). Palytoxin stimulates a dramatic loss of MKP-3 within one hour (Warmka et al.,
2004). MKP-3 is a relatively unstable protein (Marchetti et al., 2004; Marchetti et al., 2005),
and thus a particularly vulnerable target for agents that block the production of this
phosphatase. In rat fibroblasts, palytoxin inhibits protein synthesis through a mechanism that
requires potassium efflux (lordanov and Magun, 1998). Such a block in translation could
explain how palytoxin induces the loss of MKP-3.

Further studies demonstrated that the ability of palytoxin to increase ERK1/2 activity is not
specific to mouse keratinocytes, but instead is related to the expression of oncogenic Ras.
For example, palytoxin does not stimulate an increase in ERK1/2 activity in the human
breast epithelial cell line called MCF10A (Warmka et al., 2004). Palytoxin can increase
ERKZ1/2 activity when this cell line is engineered to express oncogenic Ras, however
(Warmka et al., 2004). The expression of oncogenic Ras results in the increased expression
of MKP-3 in many different systems, including MCF10A cells (Yip-Schneider et al., 2001;
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Croonquist et al., 2003; Furukawa et al., 2003; Warmka et al., 2004; Bloethner et al., 2005;
Keyse, 2008). This suggests that cells adapt to the chronic activation of Ras by boosting
negative feedback pathways that can dampen the activity of Ras-stimulated protein kinase
cascades. Altogether, these studies suggest that in initiated cells that express oncogenic Ras,
palytoxin can shift the balance toward the active, phosphorylated form of ERK1/2 by
blocking the action of MKP-3, which directly dephosphorylates and inactivates ERK1/2.
This is a potentially important mechanism by which palytoxin disrupts the regulation of
ERKZ1/2 activity because the duration and magnitude of ERK1/2 activity affects cell
behavior, such that in some systems the duration of ERK1/2 activity determines whether a
cell proliferates or undergoes differentiation (Marshall, 1995; McCawley et al., 1999;
Murphy et al., 2002).

5.2 Palytoxin stimulates ERK1/2 activity through autocrine stimulation

A study of the role of prostaglandins in the tumor promoting action of palytoxin in an in
vitro Balb/c 3T3 cell transformation model indicates that palytoxin can also activate ERK1/2
through an autocrine mechanism (Miura et al., 2006). Balb/c 3T3 cells were initiated with 3-
methylcholanthrene. The tumor promotion phase was modeled by a 2-week treatment with
palytoxin. Nontoxic concentrations of palytoxin increased the production of prostaglandins,
stimulated ERK1/2 phosphorylation, and increased the number of transformed foci. All of
these palytoxin-stimulated effects were blocked by indomethacin, an inhibitor of
prostaglandin synthesis. This study suggests that, in Balb/c 3T3 cells, palytoxin action
triggers the production and release of prostaglandins, which then interact with neighboring
cells to stimulate ERK1/2 activity.

5.3 The cytotoxic effects of palytoxin in cultured neurons involves ERK1/2

ERKZ1/2 has been implicated in the cytotoxic, as well as the carcinogenic, action of
palytoxin (Vale et al., 2007). Pharmacological inhibitors were used to investigate the role of
different protein Kinases in palytoxin-induced increases in intracellular calcium, intracellular
acidification, and cytotoxicity in cultured neurons. Genistein, which inhibits tyrosine
kinases, blocked the ability of palytoxin to increase intracellular calcium (Vale et al., 2007).
High concentrations (500 nM) of GF 109203X, which inhibits calcium-independent
isoforms of protein kinase C, also inhibited the ability of palytoxin to increase intracellular
calcium. The calcium-independent class of protein kinase C isoforms includes both novel
isoforms that are activated by phorbol esters and also atypical isoforms that are not activated
by phorbol esters (Griner and Kazanietz, 2007). Further studies are required to determine
which isoforms mediate palytoxin action in neurons. Pretreatment of the cells with the
MEKZ1/2 inhibitor PD98059 or a cell-permeable inhibitor of ERK2 blocked the ability of
palytoxin to increase intracellular calcium levels and induce intracellular acidification, and
blocked palytoxin-induced cytotoxicity. These studies suggest that ERK1/2 may play an
important role in palytoxin-induced neurotoxicity (Vale et al., 2007).

6. ERK5 relays palytoxin-stimulated signals to the nucleus

Palytoxin-stimulated signals can also be mediated by ERK5 (Wang and Tournier, 2006).
ERKS5 is distinguished from other MAP kinase family members by its large C-terminal non-
kinase domain (Lee et al., 1995; Zhou et al., 1995; Hayashi and Lee, 2004). This C-terminal
domain, which contains a nuclear localization signal, makes ERK5 approximately twice the
size of ERK1/2. Transcription factors, including MEF2C (myocyte enhancer factor), Sapla,
and c-Fos, are among the substrates of ERK5 (Kato et al., 1997; Kamakura et al., 1999;
Terasawa et al., 2003).
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Three lines of evidence prompted the investigation of the role of ERKS in palytoxin-
stimulated gene expression. First, osmotic stress stimulates ERKS5 activation (Abe et al.,
1996), suggesting that palytoxin-stimulated changes in ion flux, which causes a type of
osmatic stress, might stimulate ERK5 activity. Second, early studies concluded that
palytoxin modulates c-Fos through an ERK1/2-dependent mechanism based, in part, on the
ability of the MEK1/2 inhibitor PD98059 to block palytoxin-stimulated ERK1/2 activity and
increases in c-Fos levels (Warmka et al., 2002). Several types of MEK1/2 inhibitors can also
block MEKS, the MAPK kinase that phosphorylates and activates ERK5 (Kamakura et al.,
1999; Mody et al., 2003). Consequently, MEK1/2 inhibitors, such as PD98059, can block
activation of ERKS5, as well as ERK1/2, in some cell types. Finally, both ERK1/2 and ERK5
can regulate c-Fos gene expression (Sasaki et al., 2006).

The role of ERKS5 in mediating palytoxin-stimulated c-Fos gene expression was investigated
in HeLa and 308 cells (Charlson et al., 2009). Palytoxin stimulated transient ERK5
activation in these cell lines. By contrast, palytoxin stimulated prolonged ERK1/2, INK,
and, p38 activation. This indicated that the mechanism by which palytoxin modulates ERK5
differs from that by which it modulates the three major MAP kinases. These studies also
demonstrated that palytoxin modulates ERK5 though a mechanism that requires its
interaction with the Na*,K*-ATPase, but does not require inhibition of protein synthesis or
inhibition of either serine/threonine phosphatases or tyrosine phosphatases.

Both ERK1/2 and ERKS appear to be involved in palytoxin-stimulated c-Fos gene
expression. Low concentrations of the MEK1/2 inhibitor U0126, which block palytoxin-
stimulated ERK1/2 activation, but not ERKS activation, partially inhibited palytoxin-
stimulated c-Fos gene expression. By contrast, high concentrations of U0126, which block
both palytoxin-stimulated ERK1/2 and ERKS5 activation, caused an almost complete block
in palytoxin-stimulated c-Fos gene expression. Complementary studies showed that in HeLa
cells, knockdown of ERKS5 by shRNA partially blocked palytoxin-stimulated c-Fos gene
expression at 60 minutes. Interestingly, knockdown of ERKS5 did not affect palytoxin-
stimulated c-Fos gene expression at 180 minutes, a time point at which ERK1/2 activity is
continuing to increase as ERKS5 activity is decreasing. This suggests that at 180 minutes, the
level of ERK1/2 activity may be high enough to maintain c-Fos expression even in the
absence of ERKS activity. Altogether, these studies support a role for ERKS5 in mediating
palytoxin-stimulated signals to the nucleus, although they also indicate that there is
redundancy in the ability of MAP kinases to mediate palytoxin-stimulated gene expression.

7. Conclusions

In summary, palytoxin can disrupt the regulation of MAP kinase signaling pathways by
several different mechanisms (Fig. 3). First, the interaction of palytoxin with the Na*,K*-
ATPase triggers a change in ion flux, which then stimulates the activation of protein kinase
cascades that ultimately activate INK, p38, and ERKS5 (Fig. 3A) (Kuroki et al., 1997;Li and
Wattenberg, 1999;Charlson et al., 2009). Second, palytoxin action results in the down
modulation of MKP-3; the loss of this negative regulator of ERK1/2 in cells that express
oncogenic Ras results in the accumulation of the phosphorylated, active form of ERK1/2
(Fig. 3B) (Warmka et al., 2004). Third, palytoxin can stimulate the production and release of
prostaglandins in Balb/c 3T3 cells, which can then interact with cells to stimulate ERK1/2
activation (Fig. 3C) (Miura et al., 2006). Further research is needed to determine how the
cellular context affects the mechanisms by which palytoxin modulates different MAP
kinases, and how this affects the biological response of the cell to palytoxin exposure.

The complete biochemical pathways that directly link the interaction of palytoxin with the
Na* K*-ATPase to the modulation of MAP kinase cascades remain to be defined. One
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pathway may involve palytoxin-induced changes in ion flux, which can trigger a series of
downstream effects that ultimately result in the stimulation of MAP kinase activity.
Alternatively, palytoxin may modulate MAP kinase activity independent of its effects on ion
flux by affecting how the Na*,K*-ATPase interacts with major signaling proteins located in
the plasma membrane (Xie, 2003; Xie and Cai, 2003). For example, ouabain, a ligand for
the Na*,K*-ATPase, alters the interaction of the Na*,K*-ATPase with the tyrosine kinase
Src and the EGF receptor, which, in turn, stimulates the activation of ERK1/2, p38,
phospholipase C, and protein kinase C, independent of changes in ion flux.

Palytoxin does not completely mimic ouabain action, however. For example, although
ouabain and palytoxin both stimulated the expression of c-myc in immortalized human
bronchial epithelial cells (BEAS-2B), the time courses differed significantly; ouabain-
induced c-myc expression peaked within 4 hours, whereas palytoxin-induced c-myc
expression peaked after 20 hours. This suggests that ouabain and palytoxin modulate c-myc
gene expression through different mechanisms. Such a difference is further reflected by the
observation that palytoxin stimulated an increase in DNA synthesis in BEAS-2B cells,
whereas ouabain caused a decrease in DNA synthesis (Bonnard et al., 1988). In HeLa cells,
both ouabain and palytoxin stimulate JINK activity through a signaling pathway that requires
MEK4, but does not require Ras (Li and Wattenberg, 1998). It remains to be determined
whether ouabain and palytoxin stimulate common pathways upstream of MEK4.
Interestingly, in HeLa cells these ligands for the Na*,K*-ATPase predominantly stimulate
different MAP kinase family members; palytoxin predominantly stimulates JNK and p38
activation, whereas ouabain stimulates ERK1/2 activity. These data support for the idea that
palytoxin and ouabain do not stimulate identical signaling pathways. Further research is
needed to determine whether palytoxin action is mediated through the modulation of the
signaling function of the Na*,K*-ATPase.

In conclusion, MAP kinases appear to be important mediators of palytoxin-stimulated
signals. The central role of MAP kinases in regulating a variety of critical cellular functions,
ranging from enzyme activity to gene expression and ultimately to proliferation and
apoptosis, may help explain how palytoxin can stimulate the wide range of effects that are
characteristic of tumor promoters. For example, the transcription factor AP-1 is a target of
MAP kinase signaling that is widely recognized to play an important role in tumor
promotion (Young et al., 1999). Palytoxin can modulate AP-1, a dimer made up of Jun and
Fos family members, through different mechanisms that involve MAP kinases (Fig. 4). First,
palytoxin stimulates ERK1/2 and ERKS activation, which results in an increase in c-Fos
gene expression, which in turn can alter the composition and function of AP-1 dimers
(Warmka et al., 2002; Charlson et al., 2009). Second, palytoxin stimulates JNK activation;
phosphorylation of ¢c-Jun by JNK modulates AP-1 transcriptional activity (Kuroki et al.,
1996; Karin et al., 1997). AP-1 may act as a type of master switch that regulates a
constellation of downstream targets that are important for tumor promotion. The major
challenge for future research is to fully establish the biochemical pathways by which MAP
kinase cascades translate palytoxin-stimulated signaling into biological outcomes that
contribute to carcinogenesis.
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Fig. 1.

MAP kinases are regulated by protein kinase cascades. The cell receives a signal that
stimulates the activation of a MAP kinase kinase kinase (MAPKK kinase). The MAPKK
kinase then phosphorylates and activates a MAP kinase kinase (MAPK kinase or MEK).
The MAPK kinase then phosphorylates and activates a MAP kinase. The phosphorylated,
active MAP kinase can translocate from the cytoplasm to the nucleus and then
phosphorylate and activate transcription factors (TF), resulting in changes in gene
expression. For example, EGF stimulates the activation of the GTPase Ras. Ras activates
Raf (a MAPKK kinase). Raf phosphorylates and activates MEK1/2 (the MAPK kinases
MEK1 and MEK?2). MEK1/2 phosphorylates and activates ERK1/2 (MAP kinases). ERK1/2
can then translocate from the cytoplasm to the nucleus to phosphorylate transcription factors
such as EIk-1, which regulates the expression of c-Fos.
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Fig. 2.

p38, JNK, and ERKS5 are regulated by different protein kinase cascades. Various MAPKK
kinases, including MLK3, and TAK, can regulate p38. MEK3 and MEK6 are MAPK
kinases that phosphorylate and activate p38 (a MAP kinase). MEKK1 and MEKK4 are
among the MAPKK kinases that regulate INK. MEK4 and MEK7 are MAPK Kkinases that
phosphorylate and activate JNK (a MAP kinase). MEKK2 and MEKK3 are MAPKK
kinases that can regulate ERK5. MEKS5 is a MAPK kinase that phosphorylates and activates
ERKS5 (a MAP kinase).
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Fig. 3.

Palytoxin modulates MAP kinase activity by several mechanisms. (A) Palytoxin stimulates
the activation of JNK, p38, and ERKS5 through the stimulation of upstream protein kinase
cascades. (B) In cells that express oncogenic Ras, palytoxin can increase ERK1/2 activity by
stimulating the loss of MKP-3, a dual specificity protein phosphatase that specifically
dephosphorylates and inactivates ERK1/2. (C) In Balb/c 3T3 cells, palytoxin stimulates
ERKZ1/2 activation through an autocrine mechanism that involves the production of
prostaglandins.
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Fig. 4.

MAP kinases transmit palytoxin-stimulated signals to the nucleus. The transcription factor
AP-1, a dimer made up of Jun and Fos family members, is an important target in tumor
promotion. Palytoxin can modulate AP-1 through different mechanisms that involve MAP
kinases. Palytoxin can stimulate JNK activation; JNK can directly phosphorylate c-Jun and
modulate AP-1 transcriptional activity. Palytoxin can stimulate ERK1/2 and ERK5
activation, which results in an increase in c-Fos gene expression, which in turn can alter the
composition and function of AP-1 dimers.
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