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ABSTRACT

Mitogen-activated protein (MAP) kinases comprise a
family of protein-serine/threonine kinases, which are
highly conserved in protein structures from unicellular
eukaryotic organisms to multicellular organisms, includ-
ing mammals. These kinases, including ERKs, JNKs and
p38s, are regulated by a phosphorelay cascade, with a
prototype of three protein kinases that sequentially
phosphorylate one another. MAPKs transduce extracel-
lular signals into a variety of cellular processes, such as
cell proliferation, survival, death, and differentiation.
Consistent with their essential cellular functions,
MAPKs have been shown to play critical roles in
embryonic development, adult tissue homeostasis and
various pathologies. In this review, we discuss recent
findings that reveal the profound impact of these path-
ways on chronic inflammation and, particularly,
inflammation-associated cancer development.

INTRODUCTION

The mitogen activated protein kinases (MAPKSs) are a family
of signal transduction proteins that convert extracellular
signals, such as stresses and growth factors, to the activation
of intracellular pathways. The signaling transduction path-
ways of MAPKs have been highly conserved from yeast to
multicellular organisms. In mammals, at least four subfamilies
of MAPKs have been described, including the extracellular
signal-regulated kinases (ERKs), the c-Jun NH2-terminal
kinases (JNKs), the p38 isoforms (p38s), and ERKS5 (Pearson
etal., 2001; Boutros et al., 2008; Wagner and Nebreda, 2009)
(Figure 1). MAPKSs are mainly modulated by upstream MAPK
kinases (MKKs) and MAPK phosphatases that modify the

phosphorylation of the MAPK threonine and tyrosine (T-X-Y)
motif. Activated MAPKs catalyze the phosphorylation on
specific serine and threonine residues of target substrates
and trigger a wide range of cellular responses, such as
proliferation, differentiation, and apoptosis. In consistence
with their important roles in cellular processes, MAPKs have
been found to play key physiological roles, such as regulating
embryonic development and maintaining tissue homeostasis.
On the other hand, extracellular stresses can induce MAPK
activation in pathological conditions. For example, there are
accumulative data showing that MAPK activation is critical in
regulating inflammation-associated cancer development
(Wagner and Nebreda, 2009). Moreover, MAPKs have been
considered promising targets for therapies, and great efforts
are therefore being made to explore new functions and
mechanisms regulated by MAPKSs in disease conditions. In
this review, we aim to summarize current knowledge about
the signaling transduction of ERK1/2, JNKs, and p38s MAPK
members and their roles in inflammation and cancer devel-
opment.

MAPK SIGNALING
ERK1/2

Extracellular signal-regulated kinases 1/2 (ERK1/2) are
homologous isoforms which are expressed in nearly all
tissues (Chambard et al., 2007; Mebratu and Tesfaigzi, 2009).
ERK1 and ERK2, with 83% shared protein sequences, are
regulated by similar molecular signals and have overlapping
roles in many aspects. However, distinguished functions have
been characterized, particularly by work on ERK1 and ERK2
knockout mice. ERK1-null mice are viable and fertile;
however, thymocyte maturation is impaired in these mice
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Figure 1. An over-simplified diagram of the classical MAP kinase pathways in mammals. The classical MAP kinase
pathways consist of a module of three kinases that subsequently phosphorylate one another: the MAP kinase kinase kinase
(MAPKKK) is the upstream activator of MAP kinase kinase (MAPKK), which in turn phosphorylates MAP kinase (MAPK).
Interactions between the different MAPK pathways are not depicted in this diagram, but are discussed in the text.

(Pages et al., 1999). Other studies also show that ERK1-null
mice have increased locomotor activity (Mazzucchelli et al.,
2002) and impaired adipocyte differentiation (Bost et al.,
2005). In contrast, ERK2-null mice show completely different
phenotypes; these mice die at embryonic day 6.5-8.5 due to
impaired mesoderm differentiation and placental develop-
ment (Hatano et al., 2003; Saba-El-Leil et al., 2003; Yao et al.,
2003).

It has been widely accepted that many extracellular
activators, such as hormones and growth factors, activate
ERK1/2 largely through the Ras-Raf-MEK module (Cham-
bard et al., 2007). Upon activation by extracellular signals,
receptor tyrosine kinases located in the plasma membrane
can induce the phosphorylation of Ras, which recruits and
phosphorylates Raf (Chambard et al., 2007). Consequently,
Raf phosphorylates downstream MEK1/2, which further
activates ERK1/2 by phosphorylation on the Thr-Glu-Tyr
(TEY) motif (Chambard et al., 2007).

Activation of the ERK pathway has been found to function
in proliferation, cell death, and cytoskeletal remodeling, by
translocating to the nucleus and activating transcript factors
(Chambard et al., 2007; Dumesic et al., 2009; Pullikuth and
Catling, 2007). Both transient and sustained activations of
ERK1/2 phosphorylate downstream Elk and induce c-Fos
expression during cell cycle procession (Chambard et al.,
2007; Dumesic et al., 2009). In addition, ERK1/2 are
implicated in the stabilization of c-Myc, which together with
Max upregulate cyclin D1 during the G1-S transition
(Chambard et al., 2007; Dumesic et al., 2009). Moreover,
ERK1/2 can activate CDK proteins, which in turn phosphor-
ylate the retinoblastoma protein and induce E2F-mediated
transcription of cell cycle-related genes (Chambard et al.,
2007; Dumesic et al., 2009). The ERK signaling pathways
also play important roles in regulating cell shape and motility.
Emerging data indicate ERK signaling in controlling the
dynamics of F-actin and focal adhesion formation during cell
morphogenesis and migration. ERK scaffolding proteins also
appear important in transmitting signals to adhesion turnover

sites. For more details, please refer to the review by Pullikuth
and Catling (2007).

JNKs

JNKs consist of at least ten isoforms derived from alter-
natively spliced mRNAs of three genes: JNK71, JNK2, and
JNK3 (Wagner and Nebreda, 2009; Weston and Dauvis,
2007). JNK1 and JNK2 are ubiquitously expressed, whereas
JNKS is mainly found in the brain. The genes that encode
JNKs have been disrupted by homologous recombination in
mice. Mice lacking either one of the JNKs are viable; however,
they show impaired apoptosis and immune responses. When
JNK1 and JNK2 are both deleted, these mice display early
embryonic lethality associated with exencephaly (Kuan et al.,
1999; Sabapathy et al., 1999).

Dual phosphorylation on the Thr-Pro-Tyr (TPY) motif of
JNKs, which was first found in UV-stimulated cells, is
responsible for the activation of JNKs (Weston and Davis,
2007; Wagner and Nebreda, 2009). Upstream kinases MKK4
and MKKY7 phosphorylate JNK on tyrosine and threonine
(Dong et al., 2000; Lawler et al., 1998; Tournier et al., 2001).
Both MKK4 and MKK?7 are required for full activation of JNKs,
since overexpression of MKK4 could not substitute reduced
proliferation of MKK7-null cells and vice versa (Wada et al.,
2004). MKK4 and MKK7 are in turn phosphorylated and
activated by a large number of upstream kinases known as
MAP3Ks, including MEKK1, MEKK2, MLK1, MLK2, and
MLK4 (Weston and Davis, 2007; Wagner and Nebreda,
2009).

JNKs are involved in cell proliferation and apoptosis
through activating various targets. A well-known group of
substrates of JNK is the AP-1 transcript factors that include
Fos and Jun family members (Eferl and Wagner, 2003).
However, different JNKs might be required in regulating the
same AP-1 gene under different conditions. For example, c-
Jun is targeted by JNK2 for its ubiquitination and degradation
in quiescent cells, whereas JNK1-mediated phosphorylation
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of c-Jun on Ser73 is essential for protecting c-Jun from
ubiquitination under stress (Fuchs et al., 1996; Sabapathy et
al., 2004). Recent data also show that elevated JNK activities
promote proliferation of mouse fibroblasts (Sabapathy et al.,
2004; Jaeschke et al., 2006). However, regarding the function
of specific JNK isoforms in proliferation, controversial
observations were reported, probably due to the use of
different experimental systems (Sabapathy et al., 2004;
Jaeschke et al., 2006). The molecular mechanisms under-
lying the pro-apoptotic functions of JNKs are dependent on
cellular context and stimuli. Studies on JNK-deficient MEFs
demonstrate the requirement of JNK for the release of
mitochondrial cytochrome c after UV stimulation (Tournier et
al., 2000). JNK-induced apoptosis was found to be largely
dependent on the phosphorylation and expression of the Bcl-
2 protein family (Lei et al., 2002). Sustained, but not transient,
JNK' activation has also been shown to promote the E3
ubiquitin ligase ltch-mediated degradation of the caspase
inhibitor c-FLIP upon TNFa stimulation (Chang et al., 2006).
Interestingly, it was proposed that the duration of JNK
activation appears to determine the pro- or anti-apoptotic
functions. As shown in TNFa-stimulated mouse fibroblasts,
the transient phase of JNK activation induces cell survival,
whereas prolonged JNK activation mediates apoptotic
cascades (Ventura et al., 2006).

p38s

There are four p38 isoforms in mammalians: p38a, p38p,
p38y, and p383. The p38a and p38B isoforms are widely
expressed in most tissues, while p38y and p385 are more
strictly expressed in muscle, skin, and kidney cells (Han and
Sun, 2007; Hui et al., 2007b). Loss of p38 causes embryonic
lethality between embryonic day 10.5 and 16.5 in mice.
Impaired vascularization of the placenta was proposed as the
cause of death (Adams et al., 2000; Allen et al., 2000;
Mudgett et al., 2000; Tamura et al., 2000). Mice with
disruption of other p38 isoforms are viable and fertile.
Recently, it was reported that mice lacking p38y showed
defects in insulin secretion in pancreatic 8 cells (Sumara et
al., 2009).

p38a is a serine/threonine kinase which rapidly responds to
stresses such as endotoxic lipopolysaccharide (LPS) and
heat shock (Han and Sun, 2007; Hui et al., 2007b). p38a
phosphorylation is regulated by MKK3 and MKK®6, which are
activated by upstream kinases, such as MTK1 and ASK1
(Han and Sun, 2007; Hui et al., 2007b). Alternatively, p38a
can be activated by a MAPK kinase independent mechanism
mediated by TAB1 (Ge et al., 2002). Downstream targets of
p38a include protein kinases such as MK2 and PRAK (MK5),
and transcription factors such as ATF2 and Mitf (Han and
Sun, 2007; Hui et al., 2007b).

Apart from its role in sensing stress signals, recent data
also revealed that p38a plays a pivotal role in cell cycle

transition and cell differentiation (Han and Sun, 2007; Hui
et al., 2007b; Wagner and Nebreda, 2009). p38a-deficient
MEFs proliferate faster and exhibit delayed senescence
compared to control cells, due to the increased G1/S and G2/
M transitions by upregulation of cyclin D1 and inactivation of
p53 activity (Hui et al., 2007a; Sun et al., 2007). Moreover,
p38ais shown to be an important regulator of differentiation of
various cell types. We recently found p38a to be required for
the terminal differentiation of erythroblasts, probably through
enhancing expression of CDK inhibitors p21 and p27 (L.H.,
unpublished data). During myoblast differentiation, p38a
regulates the SWI-SNF chromatin-remodeling complex-
mediated muscle-specific gene expression (Perdiguero et
al., 2007). In adult lung tissue, p38a activation is essential to
maintain the cell differentiation as well as to restrain
proliferation of lung stem and progenitor cells (Ventura
et al., 2007).

MAPK SIGNALING IN INFLAMMATION AND
CANCER

The notion that inflammation may lead to tumor development
goes back to Virchow’s work in the late nineteenth century,
who proposed that “lymphoreticulate infiltrate” in chronic
inflammatory tissues could be the origin of cancer per se
(Balkwill and Mantovani, 2001). A plethora of evidence in
epidemiological studies has indicated that chronic inflamma-
tion triggered by microbial infection, autoimmune diseases, or
other pathologies dramatically raises the risk of tumorigenesis
(Mantovani et al., 2008). As an example, hepatitis B and C
virus infection is prevalent in hepatocellular carcinoma (HCC)
patients. In China, more than 90% of HCC patients are
diagnosed with HBV infection. Recent studies using geneti-
cally modified mouse models have greatly facilitated the
understanding of the causative role of inflammation in cancer
cell initiation and progression (Mantovani et al., 2008).
Inefficient clearance of infection during chronic inflammation
is the major cause of tissue damage and reconstitution.
During this process, reactive oxygen species (ROS) accu-
mulate and further lead to DNA damage and mutation.
Moreover, cells are continuously proliferating to maintain
tissue homeostasis under inflammatory conditions, and this
becomes the major driving force for transformation of initial
tumor cells (Mantovani et al., 2008). On the other hand,
chronic inflammation causes sustained and excessive pro-
duction of cytokines in advanced tumors. The high levels of
cytokines, such as TNFa and IL-6, are key triggers for
promoting the malignancy and metastasis of tumor cells
(Mantovani et al., 2008). Many studies have demonstrated
the critical roles of MAPKs in inflammation and cancer
development, and new data show that targeting MAPK
pathways appears promising for cancer therapy (Wagner
and Nebreda, 2009).
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ERKSs in inflammation and cancer

Active mutations of the Ras-Raf-MEK-ERK module are often
found in human cancers and have been demonstrated to
facilitate neoplastic transformation. Recent studies revealed
that ERK also promotes inflammation-associated cancer
development, mainly through regulating the expression of
inflammatory cytokines. It was shown that K-Ras®'?"-induced
pancreatic intraepithelial neoplasia (PanIN) and pancreatic
ductal adenocarcinoma (PDA) only develops in the back-
ground of mild chronic pancreatitis. Interestingly, phosphory-
lated ERK is predominantly detected in PanIN and tumor cells
of PDA, suggesting a role of ERK in inflammation-related
pancreatic cancers (Guerra et al., 2007). Ras activation was
demonstrated to elicit local inflammation by enhancing the
secretion of CXCL-8 and IL-8, which stimulates neo-
vascularization and tumor growth (Sparmann and Bar-Sagi,
2004). Constitutive activation of the ERK cascade is required
for CXCL-8 transcription and contributes to maximal IL-8
gene expression (Sparmann and Bar-Sagi, 2004). Moreover,
another report showed that inhibiting MEK activities
decreases production of the immunosuppressive soluble
factors IL-10, VEGF, or IL-6 in BRAF (V600E) melanoma
cells (Sumimoto et al., 2006). The authors concluded that the
constitutively active ERK signaling, along with STAT3, is
essential for immune evasion by malignant melanoma cells.

JNKs in inflammation and cancer

Many JNK downstream genes regulate the expression and
activation of inflammatory mediators, including TNFa, IL-2, E-
selectin and matrix metalloproteinases (Manning and Davis,
2003; Rincon and Davis, 2009). The role of JNK in
inflammation has been revealed in a T cell-mediated and
TNFa-dependent concanavalin A (ConA) mouse model for
acute hepatitis. Induced TNFa in the liver upon ConA
treatment results in the activation of JNK, NF-kB and AP-1
(Streetz et al., 2001; Maeda et al., 2003). Both JNK1-null and
JNK2-null mouse livers display reduced liver damage after
ConA treatment, indicating pivotal roles of JNK in hepatitis
(Maeda et al., 2003; Hasselblatt et al., 2007). A recent study
using a conditional mouse model showed that mice with
JNK1/2 deletion in the hematopoietic compartment, but not in
hepatocytes, exhibit a profound reduction in hepatitis due to
reduced TNFa expression (Das et al., 2009). These findings
therefore confirm hematopoietic cells to be the site at which
JNK plays its role in hepatitis. Besides its role in hepatitis,
JNK phosphorylation has been found to be increased at sites
of active intestinal inflammation in human patients with
inflammatory bowel disease (Mitsuyama et al., 2006). The
constitutively activated JNK pathway also greatly promotes
detergent-induced colitis in mice (Sancho et al., 2009).
Interestingly, deletion of either JNK1 or JNK2 does not
prevent the development of colitis in animals (Chromik et al.,
2007). However, JNK inactivation using the pan-JNK inhibitor

SP600125 showed a reduction in the production of TNFa, IL-6
and IFN-y, and a marked protective effect against experi-
mental intestinal inflammation (Assi et al., 2006), implicating
redundant roles of JNKs in colitis.

The oncogenic functions of JNKs in cancer development
have been supported by many studies. It was observed that
Ras-induced transformation of cultured epithelial cells
requires the activation of the JNK pathway (Pruitt et al,,
2002). Remarkably, JNK1 has recently been indicated to play
a key role in human hepatocellular carcinoma (Chen and
Castranova, 2009). Over half of human HCC samples show
over-activated JNK1 (Hui et al.,, 2008). Sustained JNK1
expression in human HCC contributes to altered histone H3
methylation, which enhances the expression of genes
regulating cell growth (Chang et al, 2009). Using
inflammation-associated mouse HCC models, it was con-
firmed that JNK1 promotes tumor cell proliferation, probably
due to the elevated expression of the cell cycle inhibitor p21
and the reduced expression of c-Myc (Hui et al., 2008). In
addition, increased JNK activity was found to accelerate the
development of chronic colitis-induced colorectal cancer. It
was suggested that the control of Tcf4 expression by JNK/c-
Jun probably leads to a positive feedback loop that facilitates
colorectal carcinogenesis (Sancho et al., 2009). Furthermore,
the JNK pathway is implicated in PI3K-driven human prostate
cancer as well. PTEN is frequently found inactivated in human
cancer samples. Loss of PTEN increases AKT activity and
elevates JNK phosphorylation, which contributes to tumor cell
proliferation and angiogenesis (Vivanco et al., 2007). In spite
of the oncogenic role of JNK1 in HCC, colon cancer and
prostate cancer, JNK1 was reported to function as a tumor
suppressor in DMBA/TPA-induced skin tumor and sponta-
neous colon cancer (She et al., 2002; Tong et al., 2007);
however, further analysis of these mouse models might be
necessary to clarify the discrepancy.

p38 in inflammation and cancer

p38 is a pivotal kinase in inflammatory diseases, such as
rheumatoid arthritis (RA), psoriasis, and inflammatory bowel
disease (Zarubin and Han, 2005; Wagner and Nebreda,
2009). p38a and p38B are predominantly expressed in
inflammatory cells. p38 has been shown to be involved in
controlling the production of cytokines, such as TNFa, IL-13
and IL-6, in the pathogenesis of inflammatory diseases
(Wagner and Nebreda, 2009). p38a-null ES cells show
diminished production of IL-1-induced IL-6 and fail to activate
MAP kinase-activated protein kinase 2 (MK2) in respond to
stress stimuli (Allen et al., 2000). The p38a/MK2 pathway is
crucial during inflammatory response. Mice lacking MK2 are
resistant to the collagen-induced arthritis and show
decreased production of inflammatory cytokines (Kotlyarov
et al.,, 1999; Allen et al., 2000). The role of p38a in
inflammation has also been proved in mice with tissue-
specific deletion of p38a. The production of LPS-induced
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TNFa, IL-12, and IL-18 is significantly attenuated in macro-
phages lacking p38a (Kang et al., 2008). Interestingly, a
recent study showed that myeloid p38a activation reduces
acute inflammation by inducing anti-inflammatory gene
expression in chronic skin inflammation, implicating a
double-sided role of p38a in inflammation (Kim et al., 2008).

Two recent reports using conditional p38a mice indicate
that p38a suppresses inflammation-associated liver cancer
development (Hui et al., 2007a; Sakurai et al., 2008). In the
HCC model used in these studies, carcinogen treatment
initiates a wide-range of cell death and tissue repair, similar to
the acute phase of hepatitis. High levels of cytokine produced
by infilirated inflammatory cells trigger massive hepatocyte
proliferation to maintain tissue homeostasis. p38a was found
to suppress proliferation of tumor cells via antagonizing of the
JNK-c-Jun pathway (Hui et al., 2007a). Alternatively, it has
been proposed that p38a can alleviate ROS accumulation
and liver damage, thus attenuate proliferation of initial tumor
cells in this inflammatory scenario (Sakurai et al., 2008). The
tumor suppressive role of p38 has been demonstrated in lung
cancer development. A study applying conditional deletion of
p38a in adult mice showed that K-Ras®'?V-induced lung
tumorigenesis was markedly increased in mutant mice, due to
hyperproliferation of lung epithelium and progenitor cells
(Ventura et al., 2007). Mice mutated in other components of
this pathway revealed similar tumor suppressive functions of
p38. Deficiency of the p38a upstream kinase MKK3 or MKK6
in fibroblasts has been found to be associated with increased
tumorigenesis (Brancho et al., 2003). Breast tumors triggered
by the MMTV-neu oncogene develop at a reduced frequency
in mice deficient in Wip1, a p38a phosphatase (Bulavin et al.,
2004). Moreover, a recent study showed a role for PRAK in
suppressing skin carcinogenesis by mediating Ras-
dependent oncogenic senescence upon activation by p38a
(Sun et al., 2007).

Crosstalk between MAPK signaling in inflammation and
cancer

The MAPKs are regulated by several common upstream
kinases and phosphatases. In addition, various downstream
targets, such as AP-1 genes, are shared by MAPKs.
Therefore, it is not surprising that these pathways crosstalk
with one another in inflammation and cancer development.
However, the molecular mechanisms underlying these
signaling interactions are largely dependent on cell types
and stimulation conditions. A negative crosstalk between the
JNK and ERK pathways has been found in TNFa-stimulated
cells, in which prolonged JNK phosphorylation uncouples
MEK-mediated ERK activation in a c-Jun-dependent manner
(Shen et al., 2003). Remarkably, this negative feedback was
found in DUSP2-null macrophages and was proposed as an
explanation for the reduced inflammatory cytokine expression
in these cells (Jeffrey et al., 2006). One of the MAPK crosstalk
mechanisms is the suppressive effect of p38a on JNK

activation. In a mouse model of chronic skin inflammation,
macrophages deficient in p38a exhibit enhanced and
prolonged JNK phosphorylation, which is due to attenuated
dual specific phosphatase 1 (DUSP1) expression (Kim et al.,
2008). Another work also showed that JNK activities are
dramatically increased in p38-deficient livers in LPS-induced
hepatitis, although it remains unknown whether increased
JNK activities contribute to apoptosis of hepatocytes (Hein-
richsdorff et al., 2008). During inflammation-associated liver
cancer development, increased activities of the JNK pathway
were found to cause the accelerated proliferation rates of liver
tumor cells lacking p38a (Hui et al., 2007a). Increased MKK7
phosphorylation was proposed to explain the hyperactivation
of JNK in p38a-deficient cancer cells. JNK and p38a could
also interact with each other via several other pathways
during inflammation and carcinogenesis. TNFa-induced NF-
kB activation could be another linker between these two
MAPKs. As discussed above, TNFa production by inflamma-
tory cells is largely dependent on p38a in chronic inflamma-
tion, such as hepatitis. Interestingly, liver cells lacking the NF-
kB activator IKK3 show decreased activities of DUSPs, which
leads to enhanced JNK1 phosphorylation and increased liver
carcinogenesis (Maeda et al., 2005).

PERSPECTIVES

The roles of MAPKSs in tumor initiation and progression have
been well documented. A simple model can be proposed as
that the MAPK-mediated inflammation plays a role in the
initiation of the tumors, while the regulation of cell prolifera-
tion, senescence and cell death by MAPKs is essential for the
progression of the tumors once they are formed. However, the
contribution of MAPKSs in cancer initiation and development in
human patients, and the molecular mechanisms for MAPK-
mediated inflammation in tumor growth are still largely
unknown. We anticipate that a large number of future studies
will aim at previously less well-studied topics such as
phosphatases. Application of chemical inhibitors or activators
of MAPKSs in animal model and clinic trials could be a hotspot
in this field.

Intensive studies have been carried out to address the
activation of MAPKSs; however, inactivation of MAPKs, an
important mechanism in controlling the activity of MAPKs,
during tumor initiation and progression has been poorly
studied. MAPKs can be negatively regulated by a group of
DUSPs, all of which harbor an HCxxxxxR protein tyrosine
phosphatase (PTP) motif (Patterson et al., 2009). DUSPs
inactivate MAPK signaling by removing the phosphate group
from the threonine and tyrosine residues. Recent studies in
mice deficient in DUSP1, DUSP2 or DUSP10 has defined
essential roles of DUSPs in local and systemic inflammation
(Lang et al., 2006). For example, DUSP1 has been found to
dephosphorylate p38 MAPK in activated macrophages,
leading to reduced production of TNFa, IL-6 and IL-10 upon
stimulation with TLR-ligands (Lang et al., 2006). In addition,
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DUSP1-deficient mice show high susceptibility to LPS-
induced septic shock and collagen-induced arthritis (Lang et
al., 2006). Interestingly, DUSP2-deficient macrophages pro-
duce attenuated levels of inflammatory mediators, probably
due to a negative feedback from the prolonged JNK activation
on ERK in these cells (Jeffrey et al., 2006). Until now, studies
on DUSP functions in cancer development have mainly
involved expression analyses of clinical tumor samples
(Keyse, 2008). It remains unknown whether and how
DUSPs play roles in tumorigenesis. Nevertheless, since
DUSPs negatively regulate MAPK activities in both inflam-
matory and cancer cells, it is reasonable to speculate that
these enzymes would perform important functions in carci-
nogenesis.

The role of MAPKSs in inflammation is primarily due to their
ability to control cytokine expression. Since MAPKs partici-
pate in cell death processes in a number of pathophysiolo-
gical conditions, and necrotic cell death can trigger
inflammation, the role of MAPKSs in inflammation could also
be related to cell death. Recent researches have brought
autophagy and programmed necrosis (also termed as
necropotosis) into the spotlight (Hotchkiss et al., 2009).
Autophagy is a process by which cytoplasmic components
are sequestered and degraded in a double-membrane-
organelle called autophagosome (Virgin and Levine, 2009).
An impaired autophagy pathway under stress conditions
usually leads to cell death. Autophagy has been associated
with various aspects of innate and adaptive immunity,
including interferon and cytokine production (Virgin and
Levine, 2009). Moreover, autophagy can be subrogated by
cancer cells to avoid the adverse micro-environmental stress
(Mathew et al., 2007). Recent data has revealed that
sustained activation of ERK and p38 plays critical roles in
autophagy at the maturation step (Corcelle et al., 2006).
However, it remains unclear whether MAPKs regulate
autophagy in inflammation-associated tumorigenesis. The
latest advances in cell death have revealed that the RIP1 and
RIP3 kinases are essential components of a signaling
pathway that mediates caspase-independent cell death
(necrosis) (Cho et al., 2009; Degterev et al., 2008; He et al.,
2009; Zhang et al.,, 2009). RIPs are well-characterized
kinases that transmit TNFa signaling and induce the
activation of MAPKs. It is currently unknown whether
RIP-mediated activation of MAPKSs plays a pro- or anti-death
role. Nevertheless, whether MAPKs-mediated cell death
contributes to inflammation and subsequent tumor develop-
ment needs to be addressed in the future.

The roles of MAPKs in inflammatory responses and
carcinogenesis have led to the development of a large
number of small molecule inhibitors for these kinases.
Because the Ras-Raf-MEK-ERK pathway is one of the most
frequently activated oncogenic pathway in human cancers,
this signaling pathway has been subjected to intensive
research to identify novel inhibitors for cancer treatment.
Among them, BAY 43-9006 (Raf inhibitor), PD184352,

PD0325901 and ARRY-142886 (MEK1/2 inhibitors) have
reached the clinical trial stage (Roberts and Der, 2007).
Intriguingly, no inhibitors of ERK1 or ERK2 have been
described so far. Given the roles of inflammation in promoting
tumor initiation and progression, many pharmaceutical
companies have carried out screens for compounds that
block cytokine production. As a result, many compounds
have been found to inhibit p38s with high selectivity; however,
few of them have progressed beyond Phase | clinical trial
largely due to toxic side effects. In addition, given the
observation that p38a plays a tumor suppressive function in
mouse lung and liver cancers, it would be worth exploring
whether inhibition of p38a might result in enhanced cancer
progression in human patients. On the other hand, it will be
interesting to know whether one could activate the p38
pathway, for example, by inhibiting DUSPs, to block tumor
growth.

The diverse functions of JNKs in proliferation and cell death
are also targets for therapies. A small compound (CC-930)
that binds to the JNK ATP-pocket is under clinical trials for
lung fibrosis disease by Celgene (Wagner and Nebreda,
2009). The latest published data have shown a shift from
identifying an ATP competitive compound to interfering with
the interaction between JNK and its scaffold protein JIP1
(Wagner and Nebreda, 2009). To this end, a small peptide-
based JNK inhibitor (D-JNKI1) has been tested for degen-
erative neural disease by Xigen (Wagner and Nebreda,
2009). However, it is not known whether there are JNK
inhibitors developed for cancer therapies. Moreover, due to
the different functions of JNK1 and JNK2 in cancer develop-
ment, it is important to develop novel inhibitors specific for
JNK1 or JNK2. On the other hand, as the MAPK signaling
pathways crosstalk with each other, it should be taken into
consideration whether inhibiting a single MAPK gene or a
single MAPK pathway would result in unexpected outcomes.
One solution for the challenge may lie in the synthetic
targeting of different genes. For example, it might be attractive
to test whether the combined use of p38 inhibitors that reduce
inflammation and JNK inhibitors that decrease cell prolifera-
tion would have a more effective outcome for cancer therapy.
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MK2, MAP kinase-activated protein kinase 2; MKK, MAPK kinase;
MAPKK, MAP kinase kinase; MAPKKK, MAP kinase kinase kinase;
RA, rheumatoid arthritis; ROS, reactive oxygen species; PanlIN,
pancreatic intraepithelial neoplasia; PDA, pancreatic ductal adeno-
carcinoma; PTP, protein tyrosine phosphatase; TEY, Thr-Glu-Tyr
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