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Abstract

Deregulation of cell signaling is a vital part of cancer development. The mitogen activated protein
kinase (MAPK) family is involved in regulating both cell growth and cell death. This family of
kinases is negatively regulated by mitogen activated protein kinase phosphatases (MKPs). MKPs
are dual specificity phosphatases that target threonine and tyrosine residues that appear in a TXY
motif. There are eleven members of the MKP family. Expression of MKPs has been shown to be
altered in many different types of cancer. Most of what is known centers on MKP-1, MKP-2 and
MKP-3. This review will focus on their role in cancer development and progression.
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Introduction

When it comes to cell signaling, it is important to investigate and understand both how the
signaling pathway is turned on and how it is turned off. This is especially important in
cancer, where aberrant cell signaling is a hallmark of the disease.! One pathway that is
commonly activated in cancer is the mitogen activated protein kinase (MAPK) pathway.
While much research has been done on how turning on this pathway could affect the
development and progression of cancer, scientists are just beginning to understand the ways
in which shutting it down can also affect these processes. Mitogen activated protein kinase
phosphatases (MKPs) dephosphorylate MAP kinases and attenuate their signaling.2 This
review will focus on what is currently known about the role of MKP involvement in cancer.

MAP Kinase Signhaling

In order to fully appreciate the role MKPs play in MAP kinase signaling, it is helpful to
understand the MAPK pathway itself. There are three branches of the MAPK cascade in
mammalian cells: the extracellular signal regulated kinase (ERK), the c-Jun N-terminal
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kinase (JNK) and p38 MAP kinase. These three branches can be activated by varying cell
stimuli, including growth factors, cytokines and cellular stress. ERK responds primarily to
growth factors and thus promotes cell growth. JINK and p38 can have multiple effects,
depending on the activating stimulus and context in which activation occurs.3> Response to
cellular stress usually leads to apoptosis, while response to growth factors and cytokines
usually promotes cell survival.® MAP kinases receive stimuli from the cell surface through a
signaling cascade. The general scheme is as follows: the stimulus is received at the plasma
membrane, followed by activation of a MAP kinase kinase kinase (MKKK), activation of a
MAP kinase Kinase (MKK) by a MKKK and finally activation of the MAPK by the MKK
(Fig. 1).23 MAPKs are dually phosphorylated by the MKK on threonine and tyrosine residues
in a TXY motif.2 All three of these kinases have multiple downstream targets, some of
which include ¢c-Jun and c-myc for ERK, c-Jun, Tau and IxBa for JNK and MAPKAP-K2
for p38 (reviewed in ref. 3). Due to their abilities to be activated by a variety of stimuli and
to the variety of downstream targets, the three MAPK pathways are important players in the
overall picture of cell signaling and must be tightly regulated.

Map Kinase Phosphatases: Overview

MKP-1

The tight control needed by the MAPK pathways to effectively carry out their functions is
achieved partially through the activity of MAP kinase phosphatases (MKPs), which are the
endogenous negative regulators of MAPKSs.2 MKPs belong to the dual-specificity
phosphatase (DUSP) family and can dephosphorylate MAPKSs through their recognition of
the TXY motif present on the MAPK family members.2 The MKP family is made up of
eleven members and can be grouped according to subcellular localization. MKP-1 (DUSP1),
PAC-1 (DUSP2), MKP-2 (DUSP4) and hVH3 (DUSP5) can all be found in the nucleus.
MKP-3 (DUSP6), MKP-4 (DUSP9) and MKP-X (DUSP7) can be found in the cytoplasm.
MKP-5 (DUSP10), MKP-7 (DUSP16) and h\VVH5 (DUSP8) can be found in both the nucleus
and cytoplasm.2 The final member of the MKP family, MK-STYX, is an inactive
phosphatase.? It is grouped with the other MKPs based on structural similarity. The structure
of MKPs is highlighted by the presence of a C-terminal catalytic domain and an N-terminal
domain that has two regions that are similar to the catalytic domain of cdc25.5.7 ERK, JNK
and p38 are all dephosphorylated by MKPs. MKP-1 and MKP-2 are able to act on ERK,
JNK and p38, which gives this signaling pathway an added layer of complexity.2 MKP-3,
MKP-X and hVH3 dephosphorylate ERKs. MKP-5, MKP-7 and hVH5 dephosphorylate
JNK and p38. MKP-4 and PAC-1 are able to dephosphorylate ERK and p38.2 The surface
has barely been scratched for finding out how MKP activity relates to cancer, but progress is
being made (Table 1). Most of what is known relates to MKP-1, the founding, and best
characterized, member of the MKP family.

Not much is known about the normal physiological functions of many of the MKP family
members, but there is some evidence that MKP-1 may play a role in negatively regulating
the immune response to bacterial lipopolysaccharide by increasing both proand anti-
inflammatory cytokine production.® MKP-1 expression has been shown to be altered in
colon, prostate, bladder, ovarian, breast and non-small cell lung cancers.29 In colon, bladder
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and prostate cancer, MKP-1 is overexpressed in the early stages of disease, but expression
seems to be lost as the disease progresses.® Microarray analysis of tumor samples from nine
patients participating in a Phase I/l clinical trial examining a treatment regimen consisting
of bevacizumab and radiation therapy in colorectal cancer revealed that MKP-1 mRNA
expression was consistently and significantly downregulated in all samples. The size of the
decrease varied from patient to patient.19 MKP-1 expression has been linked to clinical
outcome in ovarian cancer, where it has been correlated with shorter progression-free
survival.® Moderate to strong MKP-1 expression was seen in 57.6% of invasive primary
ovarian tumors (n = 66).11 In a study involving a panel of ovarian cancer cell lines, MKP-1
expression was induced after treatment with cisplatin. Knockdown of MKP-1 in these cells
with siRNA increased cisplatin induced cell-death.* This indicates that MKP-1 may have a
role in chemotherapy resistance. Potential involvement in chemotherapy resistance has also
been seen in both lung and breast cancer. In lung cancer, overexpression of MKP-1
increased resistance to cisplatin.12 Overexpression of MKP-1 in breast cancer cells also
protected them from apoptosis when treated with doxorubicin, mechlorethamine and
paclitaxel.13 These results are important because it is thought that a variety of classes of
chemotherapeutic agents carry out their apoptotic anticancer effect via the JNK pathway.>13
Although MKP-1 is able to target ERK, JNK and p38, it has a much higher affinity for INK
and p38 in comparison to ERK.* In a small clinical study, tumor samples were obtained
from 14 breast cancer patients and examined expression of the three MAPKSs. The study
showed that ERK, JNK and p38 were all upregulated in malignant vs. non-malignant
samples. The study also looked at INK activity and found that it was 30% lower in
malignant tissue than in normal tissue. Further investigation into the disparity between
higher protein expression level and reduced activity level of INK revealed that MKP-1,
along with MKP-2 displayed increased expression in the malignant tissues.1® This suggests
a possible mechanism for the decrease in JNK activity. Since a reduction in JNK activity
may play a role in reducing the effectiveness of chemotherapy drugs, it is possible that
down-regulating MKP-1 expression might be a novel way to combat chemotherapy
resistance.

Considerably less is known about the contributions of MKP-2 to malignancy, but there is
some evidence that it is involved in liver cancer and pancreatic cancer.16:17 In a study
investigating hepatocarcinogenesis and hepatoma tissue, no expression of MKP-2 could be
detected in normal tissue, but was present in three out of five primary hepatomas studied.18
MKP-2 mRNA levels were also elevated in ascites hepatoma cell lines compared to normal
liver.16 The authors of this study suggest that MKP-2 expression might be used as a tumor
marker in the liver.18 MKP-2 has also been linked to the suppression of ERK activity in
pancreatic cancer cells harboring K-ras mutations.1” The expression of MKP-2 in pancreatic
tumor cell lines correlated to MEK expression. When treated with a MEK inhibitor,
PD98059, MKP-2 expression in BxPC-3 and Capan-1 cells was markedly decreased.1’
MKP-2 has been shown to be co-expressed with MKP-1 in breast cancer® and
overexpressed in serous borderline tumors of the ovary.?
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Similar to MKP-2, MKP-3 expression has been linked to Ras activity in pancreatic
cancer.1819 Unlike MKP-2, it is the loss of expression of MKP-3 that is associated with
disease progression. A decrease in expression was observed in primary pancreatic tumor
tissues classified as invasive carcinomas compared to in situ carcinomas.® Another study
revealed that many borderline lesions in which MKP-3 expression is missing contain K-ras
mutations.1® A chemical carcinogenesis study using palytoxin found that treatment of H-ras
expressing MCF10A cells resulted in a decrease in MKP-3 expression that corresponded to
an increase in ERK expression.20 In breast cancer, changes in MKP-3 expression
contributed to tamoxifen resistance in estrogen receptor alpha (ER-a) positive MCF-7
cells.2! Parental cells engineered for overexpression of MKP-3, in the presence of estrogen
and treated with tamoxifen, showed a ten-fold increase in soft agar colony formation
compared to control transfected cells. Colony formation was able to be blocked by ER-a
antagonist 1C1 182780 and MEK inhibitor PD98059.21 In addition to tamoxifen resistance,
MKP-3 has also been implicated in cisplatin resistance in ovarian cancer. In both tumor
tissue samples and ovarian cancer cell lines, MKP-3 protein expression was much lower
than in normal samples and immortalized cell lines.22 Exogenous expression of MKP-3 in
A2780cp cells, which are cisplatin resistant, increased their sensitivity to cisplatin treatment
by up to 2.5-fold when compared to vector control cells.?2

Other MKPs

PAC-1, MKP-4 and MKP-7 have also been shown to play a part in various cancer types. In a
study of thirty-nine patient samples from serous ovarian tumors, high PAC-1 expression
levels correlated with worse overall survival compared with those tumors with low PAC-1
levels.23 MKP-4 normally functions in placental development,24 but loss of expression has
been connected to skin cancer development. Reintroduction of MKP-4 in malignant cells led
to microtubule disruption and in vivo tumor suppression.?> Overexpression of MKP-7 in
Rat-1 fibroblasts transformed with BCR-ABL showed a reduction in JNK activation and a
decreased ability to transform both in vitro and in vivo.28 Downregulation of MKP-7 by
miR-24, whose expression is induced by both AML-1 and AML1-ETO, has been linked to
development of acute myeloid leukemia. Decreased MKP-7 led to increased
phosphorylation of INK and p38, which stimulated myeloid cell growth and inhibited
differentiation.?’

Implications for Treatment and Future Developments

There are many things still to learn about the roles of MKP-1, MKP-2 and MKP-3 in cancer.
There are also many MKP family members about whose behavior little is known. Since
growth signals are integral to cancer development and progression, understanding the
regulatory methods that control them, or fail to control them properly, is critical to making
therapies more effective. MKP-1 and MKP-3 have been linked to chemo-therapy resistance.
MKP-2 expression could possibly be used as a biomarker in liver cancer. As more is learned
about the role of MKPs in cancer development and progression, it could lead to the rational
design of new therapies. Possibilities include small molecule inhibitors such as triptolide.
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Triptolide has been shown to potently inhibit MKP-1 in osteosarcoma cells and ovarian
cancer.28:29 Additionally, a high-content assay has been developed to identify phosphatase
inhibitors.39 This approach identified NSC 95397, which can inhibit MKP-1 and MKP-3 in
vitro and restore paclitaxel sensitivity in breast cancer cells exposed to dexamethasone.3: A
library of uracil quinolines that can inhibit MKP-1 has also been developed. These
compounds could potentially be useful for investigating the role of MKP-1 in biological
systems.32 Two other compounds with activity against MKP-1, PS12106 and MDF2085,
were identified from a pyrrole carboxamide library and are undergoing further
investigation.33 Targeting MKPs that are aberrantly expressed might provide a more tumor
specific therapeutic addition to traditional chemo-therapies and treatments currently being
used in the clinic.
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Abbreviations

MAPK mitogen activated protein kinase
MKP mitogen activated protein kinase phosphatase
ERK extracellular signal regulated kinase
JNK c-jun N-terminal kinase
MKKK MAP kinase kinase kinase
MKK MAP kinase kinase
DUSP dual specificity phosphatase
ER-a estrogen receptor alpha
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Stimulus at Plasma Membrane

Cytoplasm

Figure 1.
Regulation of MAP kinase signaling by MKP-1, MKP-2 and MKP-3. Cell signals are

received at the plasma membrane and transmitted through the MAP kinase signaling
cascade. Each MAPK family member has its own specific MKKKs and MKKs. MKP
dephosphorylation attenuates MAP Kinase activity. ERK, JNK and p38 are
dephosphorylated by MKP-1 and MKP-2. MKP-3 dephosphorylates ERK. The other MKP
family members also regulate MAPKS by dephosphorylation. MKP-1, MKP-2 and MKP-3
are shown here because their activity is the main focus of this review.
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Table 1
MKPs altered in cancer

Phosphatase Specificity Subcellular location Altered in References
MKP-1 ERK, JNK, p38 nuclear bladder, breast, colon, lung, ovarian, prostate 2, 4, 5, 9-15
MKP-2 ERK, JNK, p38 nuclear breast, liver, ovarian, pancreatic 9, 15-17
MKP-3 ERK cytoplasmic breast, ovarian, pancreatic 9, 18-22
MKP-4 ERK, p38 cytoplasmic skin 24
MKP-7 INK, p38 nuclear & cytoplasmic leukemia 26, 27
PAC-1 ERK, p38 nuclear ovarian 23
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