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(MAPK) family includes
the extracellular-regulated kinases (ERKs) and the stress-activated protein kinases (SAPKs) p38 and c-Jun NH2-terminal
kinase (JNK). Their activation by various stimuli including
growth factors, cytokines, integrin ligands, or stress conditions
regulates major cellular responses such as proliferation, differentiation, survival, migration, or production of soluble factors
such as inflammatory molecules (68). The tight control of
MAPK signaling is determinant for defining the outcome of
their activation and depends on factors that affect their spatiotemporal activity, including density and rates of internalization
of cell surface receptors, desensitization of these receptors,
formation of scaffold complexes containing the MAPKs and
their partners, subcellular relocalization, and equilibrium between activated MAPKs and the phosphatases that extinguish
their signal. Although MAPKs are dephosphorylated by broadspecificity phosphatases at early time points following their
activation, they are also the targets of specific inhibitory
molecules, the MAPKs phosphatases (MKPs), which belong to
the dual-specificity phosphatase (DUSP) family. These phosphatases dephosphorylate both threonine and tyrosine residues
within the substrates they target (101). The purpose of this
review is to give a view of the current knowledge of the role of
MKPs in cell biology, with an emphasis on DUSP6/MKP-3, a
cytoplasmic, ERK-specific phosphatase that appears to play a
crucial role in development and various pathologies and notaTHE MITOGEN-ACTIVATED PROTEIN KINASE
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bly in the regulation of signaling by major growth factors/
morphogens, i.e., members of the fibroblast growth factor
(FGF) family.
A Common Structure
MKPs share a conserved structure with a noncatalytic NH2terminal domain and a COOH-terminal catalytic extremity.
The NH2-terminal domain of all DUSPs has two regions of
homology with the Cdc25 cell cycle regulatory phosphatase
(designated CH2 domains). The catalytic domain, which is
more conserved than the NH2-terminal within DUSPs, presents
an active site sequence related to the prototypic VH-1 phosphatase encoded by the vaccinia virus. The catalytic domain
contains a highly conserved sequence DX26 (V/L)X(V/I)
HCXAG(I/V)-SRSXT(I/V)XXAY(L/I)M, where X is any amino
acid.
Despite their common structure, MKPs have specific properties concerning their substrates and subcellular localization.
Specificity of MKPs toward one or the other MAPKs relies on
sequences in the NH2-terminal domain of MKPs, known as the
kinase interaction motif (KIM). Although each MKP targets
different subsets of MAPKs, there is an overlap between their
specificities, possible due to gene duplication and gene divergence. Based on these features, they can be divided into three
different subclasses (summarized in Table 1).
Inducible nuclear MKPs: DUSP1/MKP-1, DUSP2/PAC-1,
DUSP4/MKP-2, and DUSP5. The genes coding for these
phosphatases have four exons and introns with highly conserved positions, suggesting that they arose from a common
ancestral gene. They were shown to dephosphorylate ERKs,
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2010. First published May 12, 2010; doi:10.1152/ajpcell.00347.2009.—Intracellular
signaling by mitogen-activated protein (MAP) kinases (MAPK) is involved in
many cellular responses and in the regulation of various physiological and pathological conditions. Tight control of the localization and duration of extracellularregulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), or p38 MAPK activity
is thus a fundamental aspect of cell biology. Several members of the dualspecificity phosphatase (DUSPs) family are able to dephosphorylate MAPK isoforms with different specificity, cellular, and tissue localization. Understanding
how these phosphatases are themselves regulated during development or in physiological and pathological conditions is therefore fundamental. Over the years, gene
deletion and knockdown studies have completed initial in vitro studies and shed a
new light on the global and specific roles of DUSPs in vivo. Whereas DUSP1,
DUSP2, and DUSP10 appear as crucial players in the regulation of immune
responses, other members of the family, like the ERK-specific DUSP6, were shown
to play a major role in development. Recent findings on the involvement of DUSPs
in cancer progression and resistance will also be discussed.
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Table 1. MAP kinase phosphatases of the DUSP family
Substrate Preference
Class

Other Names

Subcellular Localization

ERK1/2

p38

JNK

X
X
X

X

MKP-1, CL100, erp, 3CH134, hVH1
PAC-1
MKP-2, Typ1, Sty8, hVH2
hVH-3, B23

Nuclear
Nuclear
Nuclear
Nuclear

X
X
X
X

MKP-3, Pyst1, rVH6
MKP-X, Pyst2, B59
MKP-4, Pyst3

Cytoplasmic
Cytoplasmic
Cytoplasmic

X
X
X

M3/6, hVH5, HB5
MKP-5
MKP-7

Cytoplasmic/nuclear
Cytoplasmic/nuclear
Cytoplasmic/nuclear

X

x
X
X
X

X
X
X

MAP, mitogen-activated protein; DUSP, dual-specification phosphatase; Class I, inducible nuclear MAP kinase phosphatases (MKPs); Class II, cytoplasmic
extracellular-regulated kinase (ERK)-specific MKPs; Class II, MKPs that inactivate stress p38 and c-Jun NH2 terminal kinase (JNK) MAP kinases; X, preferred
substrate; x, some detectable activity toward this kinase.

JNK, and p38 MAPKs to the same extent. Interestingly,
DUSP1 may be the phosphatase responsible for VEGF-induced
histone H3 dephosphorylation (64).
Cytoplasmic ERK-specific MKPs: DUSP6/MKP-3, DUSP7/
MKP-X, and DUSP9/MKP-4. The genes of these phosphatases
have four exons. DUSP6 seems to be highly selective for
ERK1/2 as it fails to bind to or to inactivate ERK5 (1),
although previous reports had first suggested the opposite (56,
114). In agreement with the results of Arkell et al. (1), invalidation of the dusp6 gene in the mouse was recently reported to
have no effect on ERK5 signaling (86). DUSP6 shuttles between the nucleus and the cytosol but exhibits a cytoplasmic
localization dependent on leucin-rich nuclear export signal
located in its NH2-terminal domain and distinct from the KIM
domain (59). It was proposed that DUSP6 constitutes an
anchor for inactive ERK in the cytosol (12) and even participates to the transport of dephosphorylated ERKs from the
nucleus to the cytosol (59).
MKPs that inactivate p38 and JNK MAPKs. DUSP8,
DUSP10/MKP-5, and DUSP16/MKP-7 are cytoplasmic and
nuclear. Six exons are present in the genes coding for these
DUSPs.
DUSPs appear to be evolutionary conserved with 16 homologs identified in the budding yeast, six in Drosophila
melanogaster and up to 26 in Caenorhabditis elegans according to its genome sequence (126). Moreover, there is a certain
degree of tissue specificity in DUSP expression in mammals.
Atypical DUSPs
Some of the DUSPs phosphatases have common characteristics with the MKPs but share more similiarities with the VH1
(vaccinia virus open reading frame H1) phosphatase. In addition, as they are phylogenetically distinct form classical protein
tyrosine phosphatases (PTPs) and MKPs, they are considered
as “atypical DUSPs”. Most of these 16 atypical DUSPs do not
have the NH2-terminal CH2 domain present in MKPs but
contain the DUSP catalytic domain. These DUSPs can target
the MAPK but can also have other type of substrates, although
this issue is controversial. Thus additional studies appear to be
necessary to confirm targets and characteristics of the action of
AJP-Cell Physiol • VOL

these atypical DUSPs in vivo. They have been recently reviewed by Paterson et al. (101).
DUSP Regulation
Transcriptional regulation and mRNA stability. MKPs are
subjected to tight regulation. First of all, many MKPs are expressed at low levels in resting, nonstimulated cells and are
induced as early response genes after activation of the MAPK
pathways they target. Examples are DUSP1 and DUSP6, which
we will take as an example.
In silico analysis of the dusp6 promoter revealed the presence of putative regulatory sequences for Forkhead transcription factor, a downstream effector of the phosphatidylinositol
3-kinase (PI3K) signaling pathway and for the Ets family of
transcription factors, well-known targets of ERKs (36). PI3K
signaling was first suggested to be involved in FGF8-induced
dusp6 transcription in chick embryos (34, 60), but functional
analysis of the promoter regions of dusp6 failed to reproduce
this finding in mouse cells (36). PI3K inhibition did not alter
dusp6 expression in mouse embryos either (122). In contrast,
the ERK pathway consistently appears as a major regulator of
dusp6 mRNA expression, notably in a negative feed-back loop
of FGF signaling (34, 122, 127). Luciferase reporter assays
showed that the transcriptional activation of dusp6 by FGF
family members, which also takes place in Drosophila and
Xenopus (48), occurs as early as 30 min after stimulation and
involves an Ets2-dependent mechanism dependent on the intron 1 in the phosphatase gene (36, 44). A regulatory enhancer
sequence, partially overlapping with the Ets2 binding site, was
also described to play a role in the regulation of dusp6
transcription in embryonic stem cells (144). Specific MEK/
ERK activation through a ⌬Raf:ER chimera was sufficient for
inducing dusp6 transcription (36) suggesting that other ERKstimulating agonists may play a role in this regulation, such as
PDGF (55) or EGF in Drosophila (48). Other motives in the
murine dusp6 promoter include consensus-binding sites for
nuclear factor (NF)-B and pre-B-cell leukemia transcription
factor 1 (PBX1), the latter being a known target of retinoic
acid. Finally, in the early zebrafish embryo, dusp6 transcription
is also regulated by maternal ␤-catenin and Tcf-3 (127).
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active catalytic site conformation (DUSP1, DUSP6, DUSP9,
and DUSP2). The dephosphorylation of MAPKs by MKPs
occurs in two main steps, starting with the dephosphorylation
of the MAPK tyrosine residue followed by the threonine
residue, leading to its complete inactivation (39). This interaction involves a KIM in the phosphatases and a common
docking site (CDS) within the kinases. The KIM is a conserved
positively charged sequence in the amino terminal part of
DUSPs that interacts with the negatively charged CDS of the
kinases. The CDS of MAPKs allows not only an interaction
with their phosphatases but also with other kinases and with
their substrate (125). The KIM sequence could determine the
specificity of the binding of one DUSP to ERK or p38 or JNK;
this specificity can be really precise as mutation of the KIM
domain in DUSP1 prevents binding to ERK and p38 but had no
effect on binding and inactivation of JNK (120). Another
interaction site, the ED domain (named like this because it
contains a glutamic residue E followed by an aspartic
residue D) in ERK2 and p38 MAPK also participates in the
interaction between the kinases and DUSPs. Another docking region in DUSPs, rich in hydrophobic residues, has been
identified, lying between the KIM and the Arg72/74. This
region seems to be involved in the specific interaction
between DUSP1 and JNK.
The molecular basis of DUSP6 catalytic activation has been
extensively studied and was shown to depend on its interaction
with ERK (17), mainly through the KIM domain in the NH2terminus of the phosphatase, although it involves weaker
interactions with its COOH-terminal domain (38, 96, 98).
However, activation of DUSP6 does not require ERK kinase
activity (17) but relies instead on allosteric modifications and
stabilization of the catalytic “general acid” loop, a characteristic of protein-tyrosine phosphatase catalysis (40).
Recently, another mode of posttranslational regulation was identified for DUSP1, the acetylation of which potentiates its association
with p38 and the dephosphorylation of this MAPK (18).

Fig. 1. Dual-specificity phosphatase (DUSP6) phosphorylation by signaling pathways. The cytosolic extracellularregulated kinase (ERK)1/2-specific DUSP6 phosphatase is
phosphorylated upon activation of the MEK/ERK and phosphatidylinositol 3-kinase (PI3K)/mammalian target or rapamycin (mTOR) pathways by various agonists, leading to the
degradation of DUSP6 by the proteasome.
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Phosphatases may also be regulated at the level of mRNA
stability. This is the case of dusp1 mRNA, stabilized by HuR
and NF90 (69) or degraded by the AU-rich elements (ARE)binding protein tristetraprolin (37, 77). Recently, miR-29b
microRNA was found to downregulate dusp2 mRNA during
osteoblast differentiation (75).
Posttranslational regulation: protein stability and catalytic
activation. Another mechanism of regulation is the control of
protein stability. Ubiquitination appears as a critical step for
degradation of several DUSPs. The fate of DUSP1 following
ERK activation is controversial. Whereas initial reports suggested that ERK-dependent DUSP1 phosphorylation stabilized
the phosphatase (10), it was found to rather decrease the
half-life of DUSP1 in a subsequent study (78). Reasons for
these discrepancies are unclear but may be related to the
conditions of ERK activation, i.e., transient versus persistent,
depending on the reports.
In contrast, DUSP6 was consistently found to be degraded
by phosphorylation (4, 55, 88). DUSP6 phosphorylation is
induced by various growth factors and is MEK dependent (Fig. 1).
Site-directed mutagenesis identified three serines (Ser159,
Ser174, and Ser197) involved in this regulation. Although
DUSP6 is a substrate for ERK in vitro (88), it may also be
phosphorylated upon specific stimulation of another pathway
involved in cell growth and proliferation, the mammalian
target of rapamycin (mTOR) pathway. This latter phosphorylation also reduces the half-life of the phosphatase, suggesting
that both signaling pathways may be interconnected and possibly collaborate through DUSP6 (4). Finally, DUSP6 was also
shown to interact with and to be phosphorylated by protein
kinase CK2a/casein kinase 2, another ubiquitous kinase involved in the regulation of cell proliferation and survival (19).
Another way to regulate these phosphatases is to regulate
their catalytic activity. Some of DUSPs are in an active ready
conformation (DUSP3, DUSP5, and DUSP10), whereas others
require the binding of their substrate for the induction of an
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DUSPs in Embryonic Development
Table 2 summarizes the effects of dusp gene invalidation or
transgenic expression in various model organisms. The obtained
phenotypes are often a global response of the model organism to
the deletion or the overexpression of such genes and not necessarily a description of the role of these genes in vivo. For example,
invalidation of any phosphatase gene may result in the upregulation of other members of the family or in overactivation of given
MAPKs through the inactivation of other MAPKs isoforms as a

result of a cross-talk between signaling pathways. This, of course,
complicates the interpretation of the DUSP knockout phenotypes
and should be taken into account. Nevertheless, various degrees of
specificity occur in the phenotypes obtained.
Although DUSP1 phosphatase targets the principal MAPKs
(ERK1/2, JNK, and p38), invalidating its gene does not result
in any obvious or lethal phenotype during development, suggesting compensation by other members of the DUSP family.
However, if this may hold true for development, subsequent

Table 2. Role of DUSPs in development, organogenesis, and the immune system
Animal Model

Mice

DUSP2

Mice

DUSP4

Zebrafish

DUSP5

Zebrafish

Mice
DUSP6

Drosophila
Zebrafish

Chick
Mice

DUSP9

Mice

DUSP10

Mice

Phenotype

DUSP1 knockout, developmental stages
No overt phenotypic or histological abnormalities (33).
dusp ⫺/⫺ MEFs display increased sensitivity to apoptosis mediated by p38 and JNK MAPKs (138, 148).
DUSP1 knockout: muscle and adipose tissues
Activated p38 MAPK, JNK1, and ERK levels are elevated in skeletal muscle and white adipose tissue, compared with
levels in similarly treated wild-type mice (139).
dusp1-null mice are lean and resistant to diet-induced obesity due to increased energy expenditure (139).
DUSP1 knockout: immune and inflammatory responses
Greater innate immune response to LPS, increased cytokines levels in serum (112, 148).
Peritoneal macrophages from dusp1-null mice have prolonged phosphorylated p38MAPK and JNK in response to LPS
compared with wild-type mice (146).
dusp1 Knockout mice have a greater severity and incidence of arthritis in a chicken type II collagen-mediated model
of rheumatoid arthritis (112).
DUSP1 transgenic expression in the heart
Reduced activation of p38, JNK et ERK1/2.
Reduced development of the myocardium.
Decrease in the hypertrophic response to aortic banding and catecholamine infusion (13).
DUSP2 knockout: immune and inflammatory responses
LPS-stimulated DUSP2 null macrophages produce lower levels of proinflammatory cytokines and chemokines when
compared with wild-type cells.
DUSP2-deficient macrophages and mast cells have decreased phosphorylation of ERK and p38 and decreased
transcriptional activation of transcription factors NFAT-AP-1 and Elk1.
JNK activity is increased in DUSP2-deficient macrophages and mast cells.
Reduced inflammatory responses in a model of rheumatoid arthritis (53).
Antisense morpholino oligonucleotides
During late gastrulation, loss of sox17 expression.
Loss of foregut and pancreatic endoderm, necrosis of head tissues at later stages of development (11).
Expression during embryonic development
dusp5 is expressed in angioblasts in the embryonic zebrafish and is essential for vascular development in vivo (102).
apoptosis of endothelial cells in vitro.
DUSP5 and SNRK-1 target a common signaling pathway responsible for maintaining angioblast populations along the
lateral plate mesoderm (102).
Transgenic expression of DUSP5 in the lymphoid compartment
Blocks thymocyte development at the double positive stage, defective response to IL2, autoimmune symptoms (67).
Loss of function mutants
Role of the phosphatase in photoreceptor cell differentiation, wing vein formation and oogenesis (48).
Morpholino oligonucleotides and overexpression
Alteration in axial patterning of the zebrafish embryo: a dorsalized phenotype is obtained after injection of the
oligonucleotides while the overexpression of DUSP6 induces the ventralisation of the embryo (127).
Chemical inhibitor of DUSP6
Increased heart size (92).
siRNA
DUSP6 siRNA injection induces apoptosis in the mesenchyme of the chick limbs (60).
DUSP6 Knockout: development
Perinatal death of some but not all animals (incomplete penetrance).
Dwarfism, premature fusion of the cranial sutures (craniosynostoses), defects in the middle ear bones and the otic
capsule, leading to hearing loss (73).
Increased basal ERK activity in dusp6 in the heart, spleen, kidney, brain and mouse embryonic fibroblasts (86).
DUSP6 knockout: heart
Overproliferation of cardiac myocyte progenitors, cardiac hypertrophy (86).
DUSP9 Knockout: development
Die in utero from placental insufficiency, secondary to a failure of labyrinth development (27).
DUSP10 Knockout: immune and inflammatory responses
Elevated production of pro-inflammatory cytokine by macrophages. After secondary infection with LCMV (Lymphocytic
Choriomeningitis Virus), enhanced production of cytokine and enhanced CD4⫹ and CD8⫹ T cell responses (143).

See text for more details.
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FGFR2 receptors with a moderate constitutive activation (137,
147). However, at the histological level, the skeletal phenotype
of dusp6 knockout animals was even more similar to that of
mice harboring an activating mutation of FGFR3. Indeed, the
chondrocyte proliferation zone was disorganized in both
dusp6⫺/⫺ and FGFR3 mice, with no typical straight columns
of cells (9), whereas FGFR2 mutant animals displayed reduced
proliferation zones.
DUSP6 was also found to be a negative feedback modulator
of FGF8 signaling in the mammalian brain isthmic organizer
(35). In addition, dusp6⫺/⫺ animals also present defects in the
development of the ear, with variable abnormalities in middle
ear bones and otic capsules, associated with hearing loss in
surviving animals.
The relationship between DUSP6 and regulation of FGF
signaling is also likely to explain the phenotype of DUSP6
overexpression or inactivation in chick and zebrafish embryos
(60, 127). Smith et al. (123) proposed that tight control of
FGF-induced ERK signaling by DUSP6 regulates the expression of the transcription factor scleraxis and the specification of
rib progenitors in the developing chick somites. Very recently,
Molina et al. (92) took advantage of a chemical inhibitor of
DUSP6 to uncover a critical role of this phosphatase in restricting cardiac progenitors and controlling heart organ size in
zebrafish, a process also involving FGF signaling. Indeed, this
small allosteric inhibitor of DUSP6 caused an overactivation of
FGF signaling and an expansion of the cardiac progenitor pools
at the expense of the endothelial/hematopoietic lineage. This
confirmed previous findings by Maillet et al. (86) in the mouse,
who showed that the absence of DUSP6 results in greater
proliferation of myocytes in the developing heart of knockout
mice from another genetic background than the C57Bl/6 described by Li et al.(73) and not associated with postnatal
mortality.
Interestingly, the invalidation of genes coding for other
modulators of FGF signaling pathways produces phenotypes
that resemble that of dusp6⫺/⫺ mice. For example, knockout
of spry4, a member of the sprouty family, leads to growth
retardation, whereas invalidation of spry2 results in defects of
ear development. However, it was the inner and not the middle
ear that was affected in spry2⫺/⫺ mice. Finally, gene invalidation of Spred-2, a sprouty-related protein, also resulted in
dwarfism and bone growth plate defects (reviewed in Ref. 15).
DUSP6 and the FGF family: a special relationship? The
phenotypes of dusp6 knockout and transgenic animals thus
appear to be a consequence of an improper feedback regulation
of FGF signaling. Although FGFs elicit various signaling
pathways in their target cells, several lines of evidences indicate that, as expected, dysregulation of the MEK/ERK pathway
is responsible for these defects. First, activating mutations in
either MEK1 or MEK2, two direct upstream activators of
ERKs, also caused the cranyosynostosis phenotype observed in
dusp6 knockout and mice with activated FGFRs (110). Conversely, pharmacological inhibition of MEK was shown to
inhibit cranyosynostosis in a mouse model of the Apert syndrome, expressing an activated FRGFR2. Analysis of ERK
signaling at the cellular level in dusp6-null animal models
indicated that developmental failures correlated with dysregulation of ERK signaling. Loss of DUSP6 increased the basal
activity of ERK1/2 in multiple tissues and in mouse embryonic
fibroblasts isolated from dusp6⫺/⫺ mice. Effects on ERK
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studies revealed a fundamental role of DUSP1 in the regulation
of many cellular responses, including cell survival in various
stress conditions. If initial studies had not identified any effect
of DUSP1 gene deletion in ES cells and mouse embryonic
fibroblasts (33), later works have clearly established a role for
this phosphatase in protecting cells from apoptosis mediated by
the stress MAPKs p38 and JNK (138, 148). Invalidating dusp1
prolonged activity of p38, JNK, or both, depending on the
nature of the stress signal. No effect on ERK signaling was
reported, whether the cells were stimulated or not by stress
signals. However, deletion of DUSP1 increased basal levels of
all three types of MAPKs in muscle, adipose, and heart tissues
(13, 139). This latter work also provided evidence for a role of
DUSP1 in metabolic regulation, dusp1 knockout mice being
resistant to high-fat diet-induced obesity (139). Finally,
DUSP1 plays an important role in the immune response and
onset of inflammation that will be discussed below.
In contrast, other DUSPs were found to play critical roles in
development. Loss of function studies revealed that DUSP4 is
essential for early development and endoderm specification in
the zebrafish (11), whereas DUSP5 was recently described to
control angioblast populations in the lateral plate mesoderm,
although it may rather control the activity of the serinethreonine kinase Snrk-1 in this particular setting (102).
Regarding specific ERK phosphatases, DUSP9 was the first
to be silenced in mice. Dusp9 null mice die in utero because of
placental insufficiency (27). Surprisingly, no change in
ERK1/2 or in p38 MAPK activity, the two targets of this
phosphatase, was detected in their placental tissues, although it
is difficult to rule out a transient effect of dusp9 deletion that
may remain unseen at earlier or later time points. Tetraploid
rescue showed that DUSP9 is dispensable for normal embryogenesis.
In the following paragraphs we will focus on the role of
DUSP6 in development and its relationship.
DUSP6 in development and organogenesis. Gene invalidation or overexpression studies in Drosophila, zebrafish, Xenopus, or chick embryos have suggested that DUSP6 plays a
major role in embryonic development. Injection of antisense
morpholino oligonucleotides showed that it is required for
proper axial patterning of the zebrafish embryo (127), whereas
small interfering RNA (siRNA) studies identified a protective
role for DUSP6 against apoptosis in the chick limb (60).
Ectopic expression of DUSP6 in Drosophila suppresses photoreceptor cell differentiation and wing vein formation,
whereas, conversely, hypomorphs of DUSP6 exhibit ectopic
differentiation of both cell types. This strongly suggests that
proper activation of the ERK pathway is required for these
differentiation events. DUSP6 was also found to be necessary
for oogenesis in Drosophila (48, 62).
In the mouse, dusp6 invalidation does not strongly affect
embryonic development but results in perinatal death of some
but not all animals, indicating that the severity of the phenotype varies due to penetrance phenomenon (73). This rather
mild phenotype may be the result of compensation by other
DUSPs, such as DUSP7 and DUSP9, which share some areas
of expression in developing animals (limb buds, branchial
arches; 129). Nevertheless, dusp6⫺/⫺ mice present many
abnormalities, including dwarfism and premature fusions of the
cranial sutures, a condition known as cranyosynostoses, and
found in animals expressing mutant forms of FGFR1 and
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Another hypothesis for the preferential relationship between
FGF and DUSP6 may rely on differential spatiotemporal activation of ERKs by different growth factors, displaying specific
kinetics in which DUSP6 may play a specific role. It is well
known for EGF versus NGF signaling in PC12 cells, for
example, where NGF stimulates a long-lasting ERK phosphorylation leading to neural differentiation (58). FGF also induces
a much more sustained phosphorylation of ERK than EGF in
mouse embryonic fibroblasts (141), but the long-lasting signal
is associated with proliferation in this cell type. In addition,
different agonists may differentially influence the subcellular
compartmentalization of ERKs. Nuclear accumulation of ERK
upon EGF stimulation is transient in HeLa cells (20). But
differential compartmentalization could also affect regulators
of ERK signaling, such as phosphatases. If the apparent subcellular localization of DUSP6 is cytoplasmic, several subcompartments exist in the cytoplasm, including MAPK scaffolding
complexes, which may contain different molecules depending
on the agonist stimulus (66). For example, the long-lasting
activation of ERK by NGF in neural cells lies on its ability to
induce the phosphorylation of the scaffold protein FRS2,
responsible for the stabilization of a signaling complex, including the NGF receptor Crk, the small G-protein Rap-1, and
B-Raf (58). In this respect, DUSP6 may perhaps preferentially
associate with certain types of scaffolds, namely those involved in the regulation of FGF signaling. Experiments showing that the invalidation of dusp6 had no effect on the regulation of ERKs by ␣-adrenergic agonists (86), favored the
hypothesis that DUSP6 involvement in ERK regulation may
depend on the nature of the agonist and on the duration of the
ERK signal (89).
Finally, although other growth factors are able to induce
dusp6, there might be also a special, preferential relationship
between FGF and DUSP6 at the level of transcription in some
circumstances. Transcriptional activation of dusp6 by FGF
might be favored and precisely regulated by specific FGF
signaling pathways (31) and through FGF-specific responsive
elements in the regulatory regions of the dusp6 gene. The
promoter and intronic sequences of the collagenase syndecan-1
or osteocalcin genes contain multipartite FGF-responsive elements composed of sites for Ets1 but also AP1 and T-cell
factor-lymphoid enhancer factor (TCF-LEF) families of transcription factors. In this context, FGFs were suggested to
elaborate transcriptional activation signals that functionally
differ from those of other RTK agonists (52, 97, 105). Functional binding sites for both Ets and TCF-LEF families are
found in the dusp6 promoter (36, 127), and their juxtaposition
and combination at specific locations in the regulatory regions
of the dusp6 gene may play a role in the regulation of FGF
response in vivo. Alternatively, FGF signaling may also regulate the access of transcription factors to promoter regions
of dusp6 through specific epigenetic mechanisms and modifications of the chromatin, as described previously for other
genes (31).
DUSP6 in pathologies. As mentioned previously, animal
models suggest that DUSP6 may be negatively involved in
some cardiac pathologies. But changes in DUSP6 expression
have been detected in several other pathological conditions,
including neuronal diseases. While DUSP6 is downregulated
in familial amyloidotic polyneuropathy (94), its expression is
increased in human neocortical epileptic foci (106). Deregula-
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activity were paralleled by an accumulation of phospho-ERK
in the nucleus and notably in the perinuclear region (86).
One consequence of unregulated activation of the MEK/
ERK axis is increased cellular apoptosis and, consequently,
one of the roles of DUSP6 could be to protect cells from
apoptosis through appropriate control of ERK signaling. This
is supported by RNA interference and overexpression studies
performed in the chick limb in the context of FGF signaling
(60). A modest prosurvival role for DUSP6 was also reported
in Hela cells (84). However, the role of DUSP6 in this cellular
response may depend on the context. Hence, invalidation of the
dusp6 gene partially protects mouse embryonic fibroblasts
from various apoptotic signals (86). The absence of DUSP6
was also observed to protect the heart of dusp6⫺/⫺ mice from
chronical hypoxia, resulting from the permanent ligation of the
left coronary artery (86). Reciprocally, a previous study by the
same group showed that overexpressing DUSP6 in the heart of
transgenic mice promoted heart failure (104). In this context it
is interesting to note the findings by Lips et al. (80) who
showed that ERK2 signaling is required to protect the myocardium from ischemia-reperfusion injury in vivo. However,
since Maillet et al. found that dusp6 deletion was not sufficient
to reduce the infarct size following such an acute injury, this
may indicate that ERK signal is necessary, but perhaps not
sufficient, in this process. The protective effect of ERK was
due to inhibition of apoptosis, likely through the formation of
a complex of ERK and protein kinase Cε, causing the phosphorylation and the inactivation of the pro-apoptotic protein
Bad in the mitochondria. ERK-mediated phosphorylation of
p90 ribosomal S6 kinase (RSK) is another way of inhibiting
Bad in the heart (reviewed in Ref. 14). Studies in other cellular
systems have evidenced additional mechanisms for the protective role of ERKs against apoptosis-inducing stimuli. For
example, ERK activity is directly involved in the maintenance
of mitochondrial membrane potential. Through the phosphorylation and inhibition of GSK-3, ERKs prevent the formation
of large conductance channels known as mitochondrial permeability transition pores, which play an important role in the
release of pro-apototic molecules and the disruption of the
respiratory chain (54, 93). Although it is difficult to generalize
the role of the MEK/ERK signaling in the regulation of cell
death, it remains that its proper control by phosphatases, and
among them DUSP6, is critical.
Many agonists other than FGF activate ERKs during development and in adult tissues. If some of them, including EGF,
NGF, HGF, VEGF, and PDGF, induce the transcription of
dusp6 (45, 48, 55, 131), few data emerged concerning the
regulation of their respective signaling pathways by DUSP6 in
vivo. The emergence of FGF-related phenotypes in dusp6⫺/⫺
animal models might first be due to the prevalence of the FGF
family in fundamental developmental processes, especially at
early stages of development. Alternatively, other growth factors may induce the transcription of additional members of the
DUSP family, which may compensate for the lack of DUSP6
in knock-out models as far as the specific cellular responses to
these growth factors are concerned. This may be the case in
embryonic lethal PDGF-B null embryos (79), as PDGF was
shown to induce multiple dusp genes, including dusp6 but also
dusp1 (55). FGF itself may be involved in the regulation other
DUSPs, including DUSP7 and DUSP9, as shown in the developing mouse ear (129).
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tion of this phosphatase might also be involved in other
neuronal pathologies. DUSP6 was recently found to block
dynamin-dependent internalization of dopamine transporter,
leading to a reinforcement of the transporter activity (95). This
effect was mediated through the inhibition of dynamin-dependent internalization. However, it was not mimicked by pharmacological inhibition of MAPKs, suggesting that DUSP6
regulates internalization through a yet unidentified MEK/ERKindependent mechanism (95). At the enzymatic level, DUSP6
oxidation and catalytic inhibition by reactive oxygen species
(ROS) might also be involved in oxidative stress in neurons, a
characteristic of diverse neuropathological conditions including stroke, Parkinson’s disease, and Alzheimer’s disease (70).

DUSP1 involvement in the immune system has been extensively reviewed elsewhere recently (25, 74), and we will
therefore only briefly summarize these findings.
Null animals for dusp1 have an increased incidence and
severity of induced autoimmune arthritis and are more sensitive to lethal endotoxic shock (24, 50, 112, 146). Concordant
with these phenotype effects, a more important production of
cytokines was found in macrophages from these animals.
Higher p38 and JNK MAPK activities were detected in these
cells in response to bacterial lipopolysaccharide LPS, whereas
ERK signaling was not significantly modified. DUSP1 thus
appears as a major modulator of the systemic and local innate
immune response.
This is also the case for another member of the family, i.e.,
DUSP10, which preferentially dephosphorylates JNK and p38
MAPK. Like in dusp1 null mice, dusp10⫺/⫺ macrophages
produce more pro-inflammatory cytokines when exposed to
LPS. In addition, dusp10 KO mice present increased resistance
to experimental autoimmune encephalitis but show little difference in primary response to infection with lymphocytic
choriomeningitis virus (LCV) when compared with wild-type
animals. Nevertheless, a second exposure to LCV provokes
immune-mediated lethality among dusp10 null mice, probably
due to higher serum levels of tumor necrosis factor (TNF) after
virus exposure (143).
If the absence of DUSP1 and DUSP10 causes exaggerated
inflammation, dusp2 knockout mice were found on the contrary to have reduced inflammation in an autoimmune model of
rheumatoid arthritis. Macrophages from these knock-out mice
produce lower levels of proinflammatory cytokines and chemokines after LPS stimulation than their wild-type counterparts. It may seem surprising that DUSP2, which dephosphorylates p38 and ERK in vitro just like DUSP1, may cause
effects opposite to that of this latter phosphatase. At the
molecular level, dusp2 invalidation induces an increase in JNK
activation concomitant with a decrease in ERK and p38 activities (53). When JNK inhibitors are used, ERK activity can be
rescued, suggesting a negative cross-talk between the two
MAPKs. Thus one role of DUSP2 would be to strengthen ERK
activity by inhibiting JNK. Why ERK activity is not decreased
in dusp1⫺/⫺ mice is not clear, and other unidentified partners
specific to each phosphatase may be involved in this differential regulation.
AJP-Cell Physiol • VOL

DUSPs and Cancer
MAPKs are implicated in important events involved in cell
proliferation, survival, and migration, often deregulated in
cancers. Oncogenic abnormalities have often been found in
upstream components of the MEK/ERK pathway, and p38
MAPK and JNK may also play a role as tumor suppressors
in some conditions (reviewed in Ref. 61). In addition,
MAPK are also involved in the response of tumor cells to
anti-cancer treatments. DUSPs may thus have a determinant
role in cancer induction and progression. Evidences about
the correlation of altered expression of some DUSPs in
cancer are accumulating over the years and suggest that
these phosphatases can act as tumor regulators according to
the cancer type and to the state of progression. Variations in
expression may have several causes, one of them being loss
of heterozygosity, as shown for DUSP4, DUSP6, DUSP7,
DUSP10, and DUSP16 (101).
Table 3 summarizes the dysregulation of DUSPs expression
in many human cancers. Many tumors express high levels of
DUSP1, but this increase is often specific to certain stages of
tumor progression. In human epithelial tumors including prostate, colon, and bladder, DUSP1 is overexpressed during early
phases of cancer and progressively diminishes during tumor
progression. For example, DUSP1 expression is increased in
benign prostate hyperplasia and high-grade prostate intraepithelial neoplasia, but its expression is lost in later stages of this
cancer. Increased levels of DUSP1 in human prostate cancer
correlated with a decrease in apoptosis (85). Experiments
performed in nude mice showed that the downregulation of
DUSP1 expression leads to a reduction of tumorigenicity of
pancreatic cancer cells (76). But DUSP1 is also upregulated by
hypoxia, a hallmark of many grown tumors (8), and is also
increased in invasive stages of certain cancers. Hence, an
increase in DUSP1 expression was detected in 60% of invasive
ovarian carcinomas and was found to be a prognostic marker
for short progression-free survival (32). DUSP1 is also more
specifically expressed in poorly differentiated and late stages of
breast cancer, where it correlated with reduced JNK activity
but also with caspase activation and DNA fragmentation
(121). DUSP1 is also expressed at higher levels in NSCLC
cell lines. Finally, siRNA studies revealed that DUSP1
enhances resistance of breast cancer, osteosarcoma, and
non-small cell lung carcinoma cell lines to cisplatin, doxorubicin, or paclitaxel by inhibiting JNK activity (28, 113,
121, 134, 135). Thus DUSP1 could be considered as an
interesting target for improving cancer treatment and treating drug resistance cases in those cases where it is overexpressed and where its downregulation increases apoptosis.
However, it should be noted that in other cancer types, such
as hepatocellular carcinoma, DUSP1 may have an opposite
role in tumor progression, since its expression is decreased
rather than upregulated (128).
Among the other inducible nuclear phosphatases, DUSP4
is also overexpressed in early stages of ovarian tumors, in
pancreatic cancer cells with K-ras mutations, in hepatomas,
and breast cancer (reviewed in Ref. 61). However, its
expression levels are decreased in lung tumors harboring
EGFR mutations (26).
The potential role of DUSP2 also depends on the cellular
context as loss of its expression in acute leukemias correlates

299 • AUGUST 2010 •

www.ajpcell.org

Downloaded from http://ajpcell.physiology.org/ by 10.220.32.246 on February 19, 2017

DUSPs and Regulation of Immune Response

C195

Review
C196

MAPKS PHOSPHATASES IN DEVELOPMENT AND CANCER

Table 3. Expression of DUSP1, 2, 4, 6, 7, and 9 in human cancers
DUSP

Cancer

DUSP1

Human epithelial tumors: prostate,
colon and bladder
Prostate

Gastric
Pancreas
Ovary
Breast

Liver
Chemoresistance

DUSP2
DUSP4

DUSP6

Hypoxia
Serous carcinoma of the ovary
Acute Leukemias
Ovary
Pancreas
Breast cancer
Pancreas

Myeloma
Melanoma
Glioma
Keratinocytes and breast cancer
Lung

Ovarian cancer

Hypoxia
Tumorogenicity in Mice
DUSP7
DUSP9

Acute leukemia
Mice

Overexpression of DUSP1 found only in the early phases of human epithelial tumors. DUSP1 expression
decreases in tumors with higher histological grade and metastasis (83).
Expression of DUSP1 is increased in benign prostate hyperplasia and high-grade-prostate intraepithelial
neoplasia but its expression is lost in later stages of this cancer.
DUSP1 expression is lower in hormone-refractory prostate carcinomas, compared to benign prostate
hyperplasia or untreated prostate carcinomas (108).
DUSP1 is overexpressed in gastric adenocarcinoma (3).
Downregulation of DUSP1 decreases tumorigenicity of pancreatic cancer cells in nude mice (76).
Moderate to strong expression of DUSP1 in 60% of invasive ovarian carcinomas.
DUSP1 expression is a prognostic marker for shorter progression-free survival (32).
DUSP1 expression is increased in malignant versus nonmalignant samples of breast cancers.
High levels of DUSP-1 correlated with a decrease in JNK activity in breast cancer cells (134)
Increased levels of DUSP1 in NSCLC cells compared with normal lung cells
Higher expression of DUSP1 in NSCLC than in small cell lung cancer cells (130).
The expression of DUSP1 is decreased in tumor cells compared with normal hepatocytes (128).
The decrease in DUSP1 expression correlates with serum ␣-fetoprotein levels and tumor size (128).
Treatment with cisplatin produces a high expression of DUSP1 which correlates with resistance to cisplastin
and reduced levels of JNK.
In NSCLC cell lines, siRNA mediated downregulation of dusp1 caused an increase in sensitivity to cisplatin
and an increase in JNK and p38 activation upon cisplastin treatment. In nude mice, dusp1 siRNA
xenografts displayed slower growth rates and increased susceptibility to cisplatin (22).
Overexpression of DUSP1 inhibits Fas ligand-induced apoptosis in human prostate DU145 cells (124).
Overexpression of DUSP1 decreases proteasome inhibitor-mediated apoptosis in human mammary epithelial
and breast carcinoma cell lines, which correlates with decreased pJNK levels (121).
Upregulation of DUSP1 in hypoxia (5, 81, 82, 91, 115).
Presence of DUSP2 was associated with a poor outcome in overall survival (47).
Loss of DUSP2 expression has been associated with elevated levels of ERK activation in acute leukemias (63).
DUSP4 is overexpressed in serous borderline tumors, compared with serous carcinomas (119).
High expression of DUSP4 in pancreas cancer cells lines harboring a K-ras mutation and with elevated Raf/
MEK activities (142).
High levels of DUSP4 in breast cancer cells (134).
Loss of DUSP6 expression correlates with methylation of CpG sequences in intron 1 of dusp6 gene in both
pancreatic cell lines and in some pancreatic cancer tissues (140).
Increased DUSP6 expression in mildly and severely dysplastic/in situ carcinoma cells but DUSP6 expression
is downregulated in invasive ductal carcinoma.
In cultured pancreatic cancer cells, the reintroduction of DUSP6 in cells having reduced levels of DUSP6
results in a decrease of ERK signaling, suppression of cell growth and increased apoptosis (43).
DUSP6 is overexpressed in myeloma with a constitutively active form of N-ras (29).
DUSP6 is overexpressed in melanoma cell lines having an activating B-raf form (6).
High expression of DUSP6 in glioma expressing a constitutively active EGFR, EGFRvIII (107).
High levels of DUSP6 in keratinocytes and breast cancer cells expressing oncogenic H-ras (136).
High expression of DUSP6 in patients displaying tamoxifen resistance and in cells grown in culture in the
chronic presence of the drug (30).
In primary lung cancers, DUSP6 expression levels decreased in advanced histological grade of the tumor.
DUSP6 restoration in lung cancer cells suppresses cellular growth (100).
siRNA of DUSP6 in lung cancer cells increases ERK 1/2 activity and cellular proliferation. Overexpression of
DUSP6 synergizes with EGFR inhibitor treatment in an EGFR-mutant cancer cell line (145).
Downregulation of DUSP6 in primary human cells of ovarian cancer, associated with high ERK activity
(21).
DUSP6 knockdown increases the resistance of ovarian cancer cells to cisplatin and forced expression of DUSP6
reduces ERK activity and resensitizes cells to cisplastin-induced cell death in vitro and in vivo (21).
DUSP6 expression is increased in tissues of animals exposed to hypoxia (91), in melanoma cells cultured in
3D spheroids (46) and in arterial cells (87).
Expression of an inducible fusion protein between DUSP6 and GFP in H-ras transformed fibroblasts injected
in mice provokes a delay in the apparition of tumors and in tumor growth (88).
DUSP7 protein and mRNA are high in leukocytes from acute myeloid leukemia patients (71, 72)
In a clonal model of epidermal carcinogenesis that lacks Ras mutation, DUSP9 expression is downregulated
at initiation and lost at malignant conversion. Reexpression of DUSP9 in malignant tumor cells provokes
cell death and tumor suppression (82).

See text for more details.

with high levels of ERK activity (63), whereas high levels of
DUSP2 expression have been associated with poor outcome of
overall survival in serous carcinomas of the ovary (47).
Among cytoplasmic phosphatases, DUSP7 is overexpressed
in acute leukemia (71, 72), especially in leukocytes from
AJP-Cell Physiol • VOL

myeloid leukemia (AML) patients, but it is not clear if these
observations can have a prognosis signification. In contrast,
studies on a non-Ras model of epithelial carcinogenesis suggested that DUSP9 might be a tumor suppressor (82). Indeed,
DUSP9 expression levels decrease in tumors and its reexpres-
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DUSP6 was found to be upregulated in the same order of
magnitude as VEGF (87). In addition, the expression of
DUSP6 was also found to be 9.2-fold higher in tumor spheroids of NA8 melanoma than in their two-dimensional
cultured counterparts (46). This is probably related to the
formation of a hypoxic gradient within the spheroids, which
also triggers the induction of typical hypoxic genes such as
carbonic anhydrase IX.
In endothelial cells, effect of hypoxia on DUSP6 induction
was mimicked by adenoviral expression of a constitutively
active form of HIF-1␣ (87). It is not clear, however, whether
the effects of hypoxia on DUSP6 expression are direct and
mediated through putative HIF-responsive elements in regulatory regions of the dusp6 gene. Several studies on cells of
neural origin suggest an indirect mechanism through nitric
oxide (NO) synthase, a downstream target of HIF (41, 42, 91).
Surprisingly, the increase in dusp6 mRNA caused by hypoxia in neurons is concomitant with an increase in ERK
activity. This might be explained by the inhibition of DUSP6
enzymatic activity by NO, through the modification of a
critical cysteine residue in the catalytic domain of the phosphatase. This cysteine may also be a target for other products
generated by hypoxic conditions, including mitochondrial
ROS. TNF-␣-induced ROS convert the catalytic cysteine 293
of the phosphatase to sulfenic acid and causes its enzymatic
inactivation (57). Other cysteine residues were shown to be
oxidized by mild treatment with H2O2 (116), but their oxidation did not have any overt effect on DUSP6 catalytic activity
(57). Moreover, ROS also have a negative effect on the
stability of the DUSP6 protein in ovarian carcinoma, by stimulating its ubiquitination and subsequent degradation by the
proteasome (21). However, effects of NO and ROS might be
cell-type specific: hence, in endothelial cells, NO was found to
downregulate DUSP6 not only at the protein level but also at
the mRNA level (111).
Finally, it is interesting to note that DUSP6 activity is also
decreased in lung macrophages exposed to hyperoxia, resulting
in ERK overactivation and cell survival (99).
DUSP6 and resistance to chemotherapy. Recent data show
that DUSP6 can also be involved in the resistance of tumors to
drug treatment. A downregulation of DUSP6 at the protein and
mRNA level has been detected in primary human cells of
ovarian cancer and is associated with high ERK activity (21).
Further DUSP6 knockdown by siRNA increases the resistance
of these cells to cisplatin, a DNA cross-linker and an apoptosis
inducer. On the contrary, forced expression of DUSP6 reduces
ERK activity and resensitizes them to cisplastin-induced cell
death in vitro and in vivo (21).
Estrogen receptor-␣ (ER-␣) is expressed in 70% of breast
cancers and is classically targeted with anti-estrogen therapies,
such as tamoxifen, which competes with estrogen for ER and
causes cell cycle arrest. Unfortunately, tamoxifen resistance is
not a rare phenomenon. Although many mechanisms may play
a role in tumor escape, DUSP6 is highly expressed in patients
displaying tamoxifen resistance, and in cells grown in culture
in the chronic presence of the drug (30). Transfection of
nonresistant MCF-7 cells with DUSP6 provided a growth
advantage in conditions where tamoxifen was added to the
culture. Accordingly, the growth of Ishikawa cells, which
express high levels of endogenous DUSP6 and are resistant to
tamoxifen, is affected upon siRNA-mediated DUSP6 knock-
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sion results in cell death and suppression of tumor formation in
subcutaneously injected mice (82).
DUSP6 in cancer. DUSP6 has been the subject of many
studies related with cancer progression and resistance.
Pancreatic cancer is frequently associated with loss of heterozygosity in several chromosomal regions, including 12q21q23.1 among others. Dusp6 gene is located in this region and
is often underexpressed in pancreatic cancer tissues and cell
lines, as a result of hypermethylation of its promoter (140). The
reintroduction of DUSP6 in these cells through adenoviral
infection results in downregulation of ERK signaling, suppression of cell growth, and increased apoptosis. DUSP6 expression is exquisitely regulated in pancreatic cancer progression;
while it is upregulated in intraepithelial neoplasia compared
with normal cancer cells, it is often totally abrogated when
tumor progresses towards the invasive ductal carcinoma state.
This finding is reminiscent of those observed for DUSP1
expression, as mentioned above. Moreover, some intraductal
papillary-mucinous adenoma/borderline neoplasms exhibit
concomitant altered expression of DUSP6 and mutations in
KRAS2 (43). This suggests that the downregulation or absence
of DUSP6 synergizes with gain-of-function KRAS mutations
occurring in a vast majority of pancreatic cancer cells and
contributes to hyperactivation of ERK signaling.
Very recently, downregulation of DUSP6 expression was
also observed in lung cancer, and restoration of its expression
resulted in suppressed tumor growth (100).
In contrast, DUSP6 appear to be upregulated in other types
of cancers harboring activating mutations in the Ras-MAPK
pathway. B-raf is frequently mutated in melanomas but also in
benign melanocytic nevi. The V600E mutant accounts for over
90% of these B-raf mutations and results in the overactivation
of MEK and ERK in melanocytes. Other melanomas exhibit
Q61R N-ras mutations, mainly in sun-exposed sites. Both
mutations are mutually exclusive that suggests that N-ras and
B-raf act linearly in the signaling pathway. DUSP6 levels were
increased in cell lines from both types of melanoma (6). High
levels of DUSP6 were also reported in keratinocytes and breast
cancer cells expressing oncogenic H-ras (136). DUSP6 was
also found to be upregulated by BCR/ABL in chronic myeloid
leukemia (49) and in glioma expressing a constitutively active
EGFR, EGFRvIII (107). It is likely that overactivation of the
MEK/ERK axis in these cell types results in transcriptional
activation of the dusp6 gene.
Thus data obtained with different tumor types indicate that
mutations leading to MEK/ERK activation do not necessarily
predict a specific fate for DUSP6 expression levels. A parallel
may perhaps be drawn with the finding that activating mutations in the Ras/Raf/MEK/ERK axis does not always result in
global ERK overactivation (51) and that ERK activity levels is
not correlated with cancer aggressiveness.
Regulation of DUSP6 expression and activity by hypoxia.
During development and pathological conditions including
cancer, cells can be exposed to changes in oxygen levels from
hyperoxia to hypoxic conditions, leading to adaptations in cell
metabolism and gene expression. In hypoxic conditions, the
transcription factor HIF (hypoxia inducible factor) controls the
expression of over 100 genes, including those coding for
angiogenic factors such as VEGF, carbonic anhydrase IX, or
Bnip3, a member of the BH3-only protein family of cell death
factors. In arterial endothelial cells cultured in hypoxia,
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to cytotoxic treatments, a novel interest for pharmacological
DUSP inhibitors has developed recently (2, 92, 132). Many of
these inhibitors induce the formation of ROS and some of them
were shown to inhibit DUSP1 and DUSP6 and reverses resistance to paclitaxel (132). Whereas initial studies were performed in vitro, a recent work by Molina et al. (92) used
chemical screen in zebrafish and identified (E)-2-benzydilene3-(cyclohexilamino)-2,3-dihydro-1H-inden-1-one (BCI) as an
allosteric inhibitor of DUSP6 that prevents the catalytic activation of the phosphatase induced by substrate binding. However, BCI is, like most of the others inhibitors, not specific to
particular DUSPs. This may actually constitute a therapeutic
advantage, as proved by the ever-growing testing of nonspecific tyrosine kinase inhibitors in clinical trials. Indeed, simultaneous blockade of several actors in cell signaling pathways is
often preferred and sometimes delays resistance. It may be
interesting to block several DUSPs simultaneously, such as
DUSP1 and DUSP6, both involved in cancer resistance to
cytotoxic agents, in tumor types where their expression is
deregulated.
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down in tamoxifen culture conditions. Similar results were
obtained with tumors grown in nude mice, where DUSP6overexpressing cells show higher growth rates than controls in
tamoxifen-treated animals. However, in the same study, Ciu et
al. (30) have shown that tamoxifen also blocks DUSP6 catalytic activity through ROS production. Hence, it is difficult to
reconcile these data with the dependence on DUSP6 for cell
resistance to tamoxifen. This may be due to an exquisite but
necessary regulation of DUSP6 at both the transcriptional and
catalytic level, leading to the best conditions allowing resistance, or to a potential role of DUSP6 independent of its
enzymatic activity.
DUSPs as targets for therapies? Altogether these findings
show that DUSPs/MKPs phosphatases may play a role in both
cancer progression and cancer resistance. Therefore, DUSPs
are rational targets for novel therapeutics. However, depending
on the cases studied, each of them may have either a tumorpromoting or, on the contrary, a tumor-suppressing effect. It is
therefore difficult to predict in which cells these molecules may
be used as a target against tumor progression, unless tissue
samples are analyzed for expression before potential treatment.
In this respect, one may draw a parallel with MAPK signaling
in tumors. Although ERKs seem to play a critical role in the
proliferation of both untransformed and transformed cells,
although oncogenic abnormalities are often found in the signaling pathways regulating ERKs, the magnitude of ERK
signaling varies tremendously among different tumors and
does not allow any prediction concerning their growth or
malignant properties (51). Whereas the growth of many cancer
cells is prevented by MEK inhibitors both in vitro and in vivo
(65, 117), persistent activation of ERK can also lead to cellcycle arrest or cell death not only in nontransformed cells (16,
103) but also in lung cancer (109). The role of JNK and p38
MAPKs in cancer initiation and progression is also very
complex. For example, JNK1 and JNK2 seem to have opposite
role in cell proliferation, and each of these kinases may be
either pro- or anti-apoptotic depending on cell types and on the
duration of the stimulus. Finally, gene invalidation of jnk1 or
jnk2 increased or suppressed skin tumorigenesis in knockout
mice, respectively (23, 118). p38 MAPKs also display different
pro- versus anti-apoptotic properties depending on the context,
block proliferation, and promote cell differentiation in some
systems but favor invasion and metastasis in other instances.
The existence of cross-talks between these MAPK pathways,
where the inhibition of one type of MAPK may have an impact
on the activity of another one, adds even more complexity to
the picture (133). This complexity of signaling networks has
produced surprising results in the search for inhibitors of
another major signaling pathway involved in cell growth and
proliferation, the mTOR pathway. While preventing tumor
progression in some models, mTOR inhibition by rapamycin
actually stimulates the prosurvival and promigration Akt signaling pathway in other tumor types, as a result of the loss of
the feedback inhibition of mTOR on the insulin receptor (90).
Those findings proved the need for identifying predictive
markers of sensitivity to specific pharmacological treatments
and even the need for checking the inhibitor effects on the
tumor tissue signaling status during the first phases of these
potential treatments.
Despite these difficulties and because some DUSPs are
upregulated in many cancers and involved in tumor resistance
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