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Abstract

Apoptosis is a highly regulated process essential for the development and homeostasis of multicellular organ-
isms. Whereas caspases, a large family of intracellular cysteine proteases, play central roles in the execution of
apoptosis, other proapoptotic and antiapoptotic regulators such as the members of the Bcl-2 family are also
critically involved in the regulation of apoptosis. A large body of evidence has revealed that a number of protein
kinases are among such regulators and regulate cellular sensitivity to various proapoptotic signals at multiple
steps in apoptosis. However, recent progress in the analysis of these apoptosis signaling kinases demonstrates
that they generally act as crucial regulators of diverse cellular responses to a wide variety of stressors, beyond
their roles in apoptosis regulation. In this review, we have cataloged apoptosis signaling kinases involved in
cellular stress responses on the basis of their ability to induce apoptosis and discuss their roles in stress responses
with particular emphasis on health outcomes upon their dysregulation. Antioxid. Redox Signal. 15, 719–761.
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I. Introduction

Apoptosis is an essential process for the maintenance
of homeostasis as a defense against stressful changes in

internal and external environments as well as for proper de-
velopment in multicellular organisms. Therefore, apoptosis
must be tightly controlled by multiple extracellular and in-
tracellular signaling systems, in which proapoptotic and an-
tiapoptotic factors precisely regulate each other’s functions to
prevent systemic dysfunction caused by aberrant apoptosis or
survival at the cellular level.

Caspases, a large family of intracellular cysteine proteases,
are major proapoptotic factors that play central roles in the
execution of apoptosis. Caspases are synthesized as inactive
zymogens and activated by proteolytic cleavage in response
to apoptotic stimuli. In general, initiator caspases, such as
caspase-2, -8, -9, and -10, are first activated and, in turn,
proteolytically cleave and activate effector caspases, such as
caspase-3, -6, and -7, which execute apoptosis by cleaving
multiple cellular substrates (208). The Bcl-2 family proteins
also critically regulate apoptosis both positively and nega-
tively. This family is divided into two classes: the anti-
apoptotic Bcl-2 family proteins, such as Bcl-2 itself, Bcl-xL, and
myeloid cell leukemia-1 (Mcl-1), and the proapoptotic Bcl-2
family proteins, such as Bax and Bak. The BH3-only proteins,
such as p53-upregulated modulator of apoptosis (Puma),
Noxa, Bid, Bim, and Bmf, also are a family of proapoptotic
proteins and have the ability to induce apoptosis by binding
to and inhibiting the antiapoptotic Bcl-2 proteins. Among
these factors, Bax and Bak play a key role; the pro- and anti-
apoptotic activity of the BH3-only proteins and antiapoptotic
Bcl-2 proteins is mediated by positively and negatively reg-
ulating Bax=Bak, respectively (410).

A large body of evidence has also revealed that a number of
protein kinases are critically involved in the regulation of
apoptosis. Many such kinases, designated here as apoptosis

signaling kinases, were originally identified due to their
ability to induce apoptosis when overexpressed in cultured
cells. During the process of characterizing these kinases, it was
revealed that the phosphorylation of a variety of intracellular
proteins, such as transcriptional factors, cytoskeletal proteins,
and adaptor proteins, as well as caspases and the Bcl-2 and
BH3-only family proteins, are important events in apoptosis
induction. Further analyses and particularly those using ge-
netical approaches with animal models such as gene knockout
mice, Drosophila melanogaster, and Caenorhabditis elegans have
revealed that a considerable fraction of apoptosis signaling
kinases, at the endogenous level, do not necessarily function
in apoptosis induction but rather function in the suppression
of apoptosis in a manner dependent on cell types and=or
cellular context. Therefore, such kinases appear to regulate
cellular sensitivity to various proapoptotic signals at multiple
steps in apoptosis as contextual regulators. Further, recent
evidence has indicated that apoptosis signaling kinases gen-
erally act as crucial regulators of diverse cellular responses to
a wide variety of stressors, beyond their roles in apoptosis
regulation. In this review, we focus on apoptosis signaling
kinases involved in cellular stress responses and their wide
range of functions.

II. Components of the Mitogen-Activated
Protein Kinase Pathways

A. Stress-activated mitogen-activated
protein kinase pathways

The mitogen-activated protein (MAP) kinase cascade is
evolutionarily well conserved in all eukaryotic cells and typ-
ically includes central three-tiered core signaling modules
comprising a MAP kinase kinase kinase (MAP3K), MAP ki-
nase kinase (MAP2K), and MAP kinase (MAPK) (194, 380).
All eukaryotic cells possess multiple MAP kinase pathways,
and the defined members of the MAPK superfamily include at
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least 11 MAPK genes, 7 MAP2K genes, and 21 MAP3K genes
in mammals (383) (Fig. 1). c-Jun N-terminal kinase ( JNK), p38
MAP kinase, and extracellular signal-regulated kinase (ERK)
are well-characterized subgroups of a large MAP kinase
family. These kinase pathways are structurally similar, but
functionally distinct from each other. While ERK1 and ERK2
are rapidly activated by a variety of cell growth and differ-
entiation stimuli and play a central role in mitogenic signal-
ing, JNK and p38 are primarily activated by various
environmental and chemical stressors such as osmotic shock,
ultraviolet (UV) radiation, heat shock, oxidative stress, and
protein synthesis inhibitors and proinflammatory cytokines
such as tumor necrosis factor-a (TNF-a) and interleukin-1b
(IL-1b) (341). Therefore, JNK and p38 are often grouped to-
gether and referred to as stress-activated protein kinases.
ERK5, also known as big MAP kinase 1 (BMK1), was identi-
fied as a novel class of stress-activated MAPKs, which is also
activated by oxidative stress and osmotic shock (421). MAPKs
are activated by dual phosphorylation at tyrosine and threo-
nine residues within the conserved Thr-X-Tyr motif in the
activation loop (194). ERK5, as well as ERK1 and ERK2, has

the specific sequence Thr-Glu-Tyr in its phosphorylation loop,
whereas JNK and p38 have the Thr-Pro-Tyr and Thr-Gly-Tyr
motifs, respectively. Atypical MAPK family members, in-
cluding ERK3, ERK4, ERK7, and NLK, have also been iden-
tified, but their functions are still unclear (58).

JNK is a substrate of MKK4=SEK1 and MKK7, and p38 is
a substrate of MKK3, MKK4, and MKK6. These MAP2Ks
in turn are substrates of the highest signaling modules in
the MAPK cascade, MAP3Ks, which include MAP=ERK
kinase kinases (MEKKs), mixed-lineage kinases (MLKs),
dual-leucine-zipper-bearing kinase (DLK), apoptosis signal-
regulating kinases (ASKs), TGF-b activated kinase 1 (TAK1),
and thousand and one amino acids (TAOs). MAP3Ks sense
the degree of stress-induced cell damage in the upstream
phase of the MAPK signaling pathways, so they are impor-
tant for the determination of cell fate. These signaling axes
are stress-activated MAP kinase pathways. While the MEK1=
2-ERK1=2 pathway mainly contributes to cell growth and
survival, the MKK4=MKK7-JNK and MKK3=MKK6-p38
pathways play a pivotal role in stress-induced apoptosis sig-
naling. In stress-activated MAP kinase pathways, MAP3K

FIG. 1. Overview of the MAP kinase signaling pathways. Each MAP kinase cascade is composed of three classes of
kinases that establish a sequential activation pathway comprising a MAP3K, MAP2K, and MAPK. In mammals, three major
subgroups of MAPKs, ERKs, JNKs, and p38 MAPKs, have been identified, which are structurally similar to each other, but
are functionally distinct. Several other MAPKs, such as ERK5 (BMK1) and ERK3, also exist in these cascades. Whereas ERK is
mainly activated by growth factors, JNK and p38 are preferentially activated by various types of environmental stressors,
such as UV radiation, oxidative stress, and ER stress, as well as inflammatory cytokines. Therefore, the signaling axes
converging to JNKs and p38 MAPKs are called stress-activated MAP kinase pathways. MAPKs phosphorylate downstream
targets, such as transcription factors and downstream kinases, and generate diverse and appropriate biological responses. ER,
endoplasmic reticulum; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAP, mitogen-activated
protein; MAPK, MAP kinase; MAP2K, MAP kinase kinase; MAP3K, MAP kinase kinase kinase; UV, ultraviolet.
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kinases occasionally exist upstream of MAP3Ks. The charac-
teristics of these components will be described in more detail
in the later sections. Finally, the stress-activated MAP kinase
pathways influence the expression of pro- and antiapoptotic
proteins, such as Fas ligand and Bcl-2 family proteins, via the
phosphorylation of transcription factors, including c-Jun and
p53, and regulate the functions of various pro- and anti-
apoptotic factors, such as caspases, kinases, and Bcl-2 family
proteins, by direct phosphorylation as described in detail
below.

B. MAP kinases

1. c-Jun N-terminal kinases. JNK has been identified as a
family of UV-responsive protein kinases involved in the
phosphorylation of c-Jun at Ser63 and Ser73, which is essential
for its transcriptional activation (77, 128). There are three
genes that encode JNKs in mammals, JNK1, JNK2, and JNK3,
each of which has various splicing isoforms. JNKs are pref-
erentially activated in response to various cytotoxic stressors
and proinflammatory cytokines and regulate cellular re-
sponses to them (194, 380). Although activation of JNKs is
mainly regulated by the upstream MAP3Ks and MAP2Ks as
described above, the redox-dependent direct regulation of
JNKs has also been proposed; nitric oxide negatively regulates
JNK activity through S-nitrosylation of a cysteine residue
conserved among all three isoforms of JNK (127, 269).

a. JNKs in apoptosis. JNK1 and JNK2 are ubiquitously ex-
pressed, whereas JNK3 is mainly found in the brain.
JNK1�=�JNK2�=�mice have been extensively examined as a
useful model for elucidation of the physiological roles of JNK1
and JNK2 in apoptosis. JNK1�=�JNK2�=�mice are embryonic
lethal due to altered apoptosis during brain development
(189). In the brain of these mice, both a decrease and an in-
crease in apoptosis have been observed depending on the
brain regions, suggesting that JNKs have the ability to induce
and suppress apoptosis. One proposed mechanism by which
JNKs differentially regulate pro- and antiapoptosis signals is
the duration of JNK activation; the sustained activation of
JNKs appears to facilitate apoptosis induction, whereas the
acute and transient activation of JNKs appears to protect cells
from apoptosis (195, 267). Recently, reactive oxygen species
(ROS) have been shown to be critically involved in the regu-
lation of the duration of JNK activation. TNF-a activates the
nuclear factor-kappa B (NF-kB) pathway as well as the MAPK
pathways. When NF-kB activation is inhibited, JNK is sus-
tainedly activated by TNF-a and contributes to TNF-a-

induced apoptosis (267). TNF-induced generation of ROS
causes oxidation of the catalytic cysteine, and thus inacti-
vation, of MAPK phosphatases, which negatively regulate
JNK by dephosphorylation, allowing sustained activation of
JNK (169). These findings demonstrate that phosphatase-
dependent regulation of JNK activity is critically involved in
ROS-mediated proapoptotic signaling.

JNK1�=�JNK2�=�mouse embryonic fibroblasts (MEFs)
showed resistance to apoptosis in response to UV radiation, a
DNA-alkylating agent methyl methanesulfate, and a transla-
tion inhibitor anisomycin (346). These cells were sensitive to
Fas ligand-induced apoptosis, suggesting that JNK1 and
JNK2 are selectively required for stress-induced apoptosis in
MEFs. MEFs derived from c-JunAA mice, in which the en-
dogenous c-jun gene was replaced by a mutant allele with
non-phosphorylatable Ala mutations at Ser63 and Ser73,
similarly showed resistance to UV-induced apoptosis (15).
These lines of genetic evidence suggest that JNK1 and JNK2
mediate UV-induced apoptosis through phosphorylation of c-
Jun. The roles of JNK3 in apoptosis have also been examined
using JNK3�=�mice (403). The excitotoxic agents, such as
kainic acid and glutamic acid, induce apoptosis in hippo-
campal neurons. JNK3�=�hippocampal neurons, but not
JNK1�=�JNK2�=�neurons, are significantly resistant to glu-
tamic acid-induced apoptosis. Because both c-JunAA neurons
and JNK3�=�neurons are resistant to excitotoxic apoptosis
(15), it would appear that the JNK3-c-Jun pathway plays a
critical role in excitotoxic-induced apoptosis. Studies using
JNK-selective ATP-competitive inhibitors, such as SP600125,
and JNK inhibitory peptides have also demonstrated the
proapoptotic roles of JNKs (22).

Phosphorylation-mediated activation of various transcrip-
tion factors has been recognized to mediate a major portion of
JNK-induced proapoptotic signals (Fig. 2). For instance, acti-
vated JNKs translocate to the nucleus, where they phos-
phorylate and thus activate c-Jun, inducing proapoptotic
genes such as TNF-a, Fas ligand, and the proapoptotic Bcl-2
family member Bak (80). Another well-known factor con-
tributing to JNK-mediated apoptosis is p53, which is the well-
characterized tumor suppressor protein that induces cell
cycle arrest and apoptosis (387). Phosphorylation of p53 at
Ser6 by JNK1 and JNK2 inhibits ubiquitin-mediated degra-
dation of p53, leading to the stabilization of p53 (94). The
resulting stabilized p53 induces expression of proapoptotic
genes, such as Puma and another apoptotic Bcl-2 family
member, Bax, thereby mediating JNK-dependent apoptosis.
The stabilization and activation of p73, another member of
the p53 family, is also regulated by JNKs in response to

FIG. 2. Substrates of JNKs
and p38 MAPKs. Represen-
tative groups of substrates of
JNKs and p38 MAPKs are
shown.
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DNA-damaging agents and is required for DNA damage-
induced apoptosis through induction of these proapoptotic
genes (163).

Several lines of evidence indicate that pro- and antiapoptotic
Bcl-2 family proteins contribute to the JNK-mediated apo-
ptosis pathways. The BH3-only protein Bid is cleaved and
activated by caspase-8, and the truncated Bid translocates to
the mitochondria and triggers cytochrome c release. In re-
sponse to TNF-a, however, JNK activation induces caspase-
8-independent cleavage of Bid at a distinct site to generate
its cleaved product jBid, which translocates to the mitochon-
dria and triggers release of another proapoptotic factor,
Smac=DIABLO, but not cytochrome c (74). JNKs also phos-
phorylate and promote the proapoptotic activities of other
proapoptotic BH3-only proteins such as Bim, Bmf, and Bad
(82, 206, 370). JNK-induced phosphorylation of Bim and Bmf
has recently been found to play an important role in apoptosis
induced by infection with Neisseria gonorrhoeae, the cause
agent of the sexually transmitted disease gonorrhea (176). In
the case of Bad, JNKs phosphorylate 14-3-3 proteins, which
bind to and suppress the proapoptotic activity of Bad, and
facilitate dissociation of 14-3-3 from Bad. The liberated Bad
appears to translocate to the mitochondria, where Bad exerts
its proapoptotic activity (328). During the course of apoptosis
induced by treatment of breast cancer cells with the micro-
tubule-damaging agent paclitaxel, JNKs phosphorylated Bcl-
2 at Ser70. Mutation of this site inhibited paclitaxel-induced
apoptosis, suggesting that JNK suppresses the antiapoptotic
activity of Bcl-2 by phosphorylation (400). In addition, JNK
phosphorylated another antiapoptotic member of the Bcl-2
family, Mcl-1, at Ser121 and Thr163 in response to oxidative
stress, and exogenous expression of a nonphosphorylatable
mutant of Mcl-1 enhanced oxidative stress-induced apo-
ptosis (151). It has recently been shown using JNK1�=�mice
and JNK2�=�mice that phosphorylation of Mcl-1 by JNK1
prevents TNF-a-induced hepatocyte apoptosis through the
stabilization of Mcl-1 (186). This may be an important mech-
anism involved in liver pathology, because TNF-a-induced
apoptosis has been implicated in many liver diseases. These
findings suggest that JNK-induced phosphorylation of pro-
and antiapoptotic Bcl-2 family members is one of the critical
events in apoptosis in a variety of cellular contexts.

b. JNKs in proliferation. JNK1 and JNK2 have been shown
to differentially regulate proliferation of various cells, such
as fibroblasts, erythrocytes, and keratinocytes. JNK2�=�cells
grow slightly faster, whereas JNK1�=�mice grow slower than
their wild-type (WT) counterparts (289). One proposed
mechanism is that JNK2 preferentially binds to c-Jun and fa-
cilitates its degradation in unstimulated cells. Upon stimula-
tion, JNK1 phosphorylates and stabilizes c-Jun, leading to
transcriptional activation (289). Another recent report has
shown, using a unique chemical genetics approach, that both
JNK1 and JNK2 are positive regulators of c-Jun and contribute
to proliferation, and has proposed that the increased c-Jun
expression and proliferation observed in JNK2�=�cells are
primarily due to a compensatory increase in JNK1 functions
(156). In either case, it is strongly suggested that JNK isoforms
have distinct regulatory functions in proliferation. Therefore,
elucidation of such isoform-specific functions and their reg-
ulation will be needed for a better understanding of the
pathophysiological roles of JNKs described in the next section.

c. JNKs in diseases. Recent analyses using genetically
modified mice have revealed the roles of JNKs in various
pathophysiological conditions (162, 362, 378). Insulin signal-
ing plays an essential role in glucose metabolism and is me-
diated through tyrosine phosphorylation of the insulin
receptor substrate downstream of the insulin receptor in in-
sulin target cells. JNKs phosphorylate a serine residue of in-
sulin receptor substrate-1, which inhibits its association with
the insulin receptor and thereby blocks insulin signaling (204).
In fact, JNK1�=�mice were protected against obesity and in-
sulin resistance caused by feeding with a high-fat diet (HFD),
suggesting that JNK1 suppresses insulin signaling in vivo
(130). This is supported by the recent data showing that mice
with selective deficiency of JNK1 in adipose tissue suppress
HFD-induced insulin resistance in the liver. In addition, these
mice are protected against hepatic steatosis (292). However,
mice with specific ablation of JNK1 in hepatocytes exhibit
hepatic steatosis as well as insulin resistance even under
normal feeding conditions (291). These findings clearly indi-
cate that JNK1 functions oppositely in metabolic regulation in
adipose tissue and liver. Although JNK1 has been regarded as
a potential target for therapeutics for metabolic syndrome,
tissue selectivity of JNK1 inhibitors may be a prerequisite for
effective therapeutics.

In tumorigenesis, JNKs exert both pro- and antioncogenic
functions probably depending on the cell types and=or stages
of cancer development (362). In the chemically induced skin
tumorigenesis model, papilloma formation was increased and
decreased in JNK1�=�mice and JNK2�=�mice, respectively,
suggesting that JNK isoforms exert distinct functions even in
the same tumorigenesis process (38, 314). In contrast to this
skin tumorigenesis model, JNK1�=�mice were resistant to
diethylnitrosamine-induced hepatocarcinogenesis, concomi-
tant with decreased expression of cyclin D and vascular en-
dothelial growth factor (VEGF), diminished cell proliferation,
and reduced tumor neovascularization (298). With regard to
human hepatocarcinogenesis, JNK1 appears to be required for
proliferation of human hepatocellular carcinoma (HCC) cells
and tumorigenesis after xenotransplantation, suggesting the
clinical significance of JNK1 as a therapeutic target for HCCs
(144). In line with this, JNK1�=�mice were also resistant to N-
methyl-N-nitrosourea-induced gastric carcinogenesis, proba-
bly due mainly to the decreased expression of cyclin D and
cyclin-dependent kinase (CDK) as well as decreased cell
proliferation (315).

In addition to their roles in the chemically induced tu-
morigenesis model described above, JNKs also appear to be
involved in genetically induced tumorigenesis. Apcmin mice
carry a mutation in the Apc tumor suppressor gene and are
vulnerable to intestinal tumorigenesis. When Apcmin mice
were crossed with c-JunAA mice, the number of spontaneously
generated intestinal tumors was markedly reduced, com-
pared with that in control Apcmin mice, suggesting that the
JNK-c-Jun pathway plays a pro-oncogenic role in the intes-
tines (250). Nevertheless, such a role should be carefully in-
terpreted, because c-Jun appeared not to be essential for
intestinal tumorigenesis when mice selectively lacking c-jun in
the intestinal epithelium were subjected to a similar experi-
ment (123).

Ischemia reperfusion injury is a major clinical problem in
several organs, including brain, heart, kidney, lung, and
liver. During ischemia reperfusion, cells are exposed to high
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oxidative stress environments, which appear to activate JNKs.
Liver ischemia reperfusion injury occurs during several con-
ditions, including transplantation, liver tumor resection, and
circulatory shock (162). JNKs have been shown to mediate
hepatic ischemia reperfusion injury in a rat model using three
highly selective JNK inhibitors (CC0209766, CC0223105, and
CC-401). Rats treated with either of these inhibitors show the
decrease in mortality, which is correlated with the attenuation
of necrosis and apoptosis of hepatocytes and sinusoidal en-
dothelial cells (349). Accumulating evidence based on the ef-
fectiveness of another highly selective JNK inhibitor,
SP600125, demonstrates that JNKs are also involved in is-
chemia reperfusion injury of other organs, such as brain,
kidney, and lung. These findings indicate that JNKs are im-
portant general regulators in ischemia reperfusion injury in
various organs and serve as potential therapeutic targets
(22). Nevertheless, roles of JNKs in myocardial ischemia re-
perfusion injury seem to be rather complex; JNK1�=�mice,
JNK2�=�mice, and transgenic mice expressing dominant
negative JNK1=2 in the heart showed reduced injury and
cellular apoptosis after ischemia reperfusion, but ironically,
transgenic mice expressing MKK7, in which cardiac JNK ac-
tivity was elevated, were also protected from ischemia re-
perfusion injury (167). This controversial result has been
supported by the fact that both the proapoptotic and anti-
apoptotic roles of JNKs in myocytes have been proposed
(372). Thus, the complexity of the roles of JNKs in cellular
regulation in heart diseases, as well as in other pathological
conditions such as tumorigenesis, may be a barrier to be
overcome before clinical application of the JNK inhibitors.

2. p38 MAPKs. In mammals, there are four isoforms of
p38 MAPKs, p38a, p38b, p38g, and p38d (194, 380) (Fig. 2).
p38a and p38b are closely related to each other and have
overlapping functions. Although they are ubiquitously ex-
pressed among various cell types, p38a and p38b seem to be
generally expressed at high and low levels, respectively. p38g
is expressed predominantly in the muscle, and p38d is ex-
pressed mainly in the skin, small intestine, and kidney (61).
Most of the published literature on p38 refers to p38a (362).
p38a was first identified as a serine=threonine kinase that is
rapidly phosphorylated upon treatment of cells with IL-1, li-
popolysaccharide (LPS), and heat shock stress (114). Later, it
was found that p38 is also activated in response to a wide
variety of stress stimuli, such as TNF-a, IL-6, ROS, and UV
radiation, and is involved in various biological processes,
such as proliferation, differentiation, and apoptosis (61).
Substrates of p38 include protein kinases such as MAPKAP
kinase-2 (MK2), MK3, p38-regulated=activated kinase
(PRAK), mitogen- and stress-activated protein kinase (MSK)-1
and -2, and MAP kinase-interacting kinase (MNK)-1 and -2,
as well as transcription factors such as p53, ATF2, Elk1, myo-
cyte enhancer factor 2 (MEF2), cyclic AMP response ele-
ment binding protein homologous protein (CHOP), and
C=EBPb (61).

a. p38 MAPKs in apoptosis. A number of reports mainly
using the inhibitor compounds of p38, such as SB203580, have
suggested that p38 MAPKs are involved in apoptosis induc-
tion in different cell types. The proapoptotic activity of p38
MAPKs appears to be mediated by transcriptional and post-
transcriptional mechanisms that affect the expression and=or

activity of death receptors and pro- and antiapoptotic Bcl-2
family proteins (362). Among such mechanisms is the regu-
lation of p53. For instance, p38-mediated phosphorylation of
p53 at Ser15 and subsequent activation of p53 has been pro-
posed to be one of the mechanisms of hypoxic stress-induced
neuronal cell death (422). In articular chondrocytes, p38-
mediated p53 activation was involved in nitric oxide-induced
apoptosis (181). Also in neuroblastoma cells and mouse pri-
mary cortical neurons, the p38-p53 axis mediated ROS-
dependent apoptosis in response to tetrahydrobiopterin, which
is an obligatory cofactor for tyrosine hydroxylase and exerts
selective toxicity on dopamine-producing cells (31). In addition
to Ser15, p38 MAPKs phosphorylate p53 at several other sites,
including Ser20, Ser33, Ser37, and Ser46, although it remains
unclear whether and how these sites are differentially used
downstream of p38 MAPKs (387). In normal human kerati-
nocytes, however, UV radiation induced p38-mediated phos-
phorylation of p53 at Ser15, which led to the cytoplasmic
accumulation of p53 and thereby inhibited UV-induced apo-
ptosis (29). Contribution of the p38-p53 axis to apoptosis may
thus depend on the cell types and=or cellular context.

Another setting in which p38 MAPKs play a role in apo-
ptotic processes is the cellular response to endoplasmic re-
ticulum (ER) stress. CHOP is a transcription factor critically
involved in ER stress-induced apoptosis (424). The expression
level of CHOP is relatively low under nonstressed conditions,
but is markedly increased in response to ER stress. Over-
expression of CHOP promotes apoptosis in several cell lines,
whereas deficiency of CHOP protects cells from ER stress-
induced apoptosis (119, 231, 424). Importantly, p38 MAPKs is
activated in response to ER stress and in turn phosphorylate
and thus activate CHOP (371). Subsequently, CHOP appears
to execute apoptosis through downregulation of the anti-
apoptotic protein Bcl-2 and upregulation of proapoptotic
proteins, such as the BH3-only protein Bim and the member of
the death receptor family DR5 (233, 277, 397).

b. p38 MAPKs in proliferation and differentiation. Whereas
p38a�=�mice are embryonic lethal due to insufficient vascu-
larization in placental development (2, 4, 246, 336), p38b�=�

mice, p38g�=�mice, p38d�=�mice, and p38g�=�p38d�=�mice
are all viable and exhibit no apparent abnormalities, at least
under unchallenged conditions (14, 290). To analyze the
function of p38a in postnatal development, p38a conditional
knockout ( p38af=f) mice were generated (88, 251). When
p38a was specifically deleted in embryos, but not in the
placenta, by crossing p38af=f mice to mice with a MORE-cre
transgene, the mice died soon after their birth due to lung
dysfunction (142). Fetal hematopoietic cells and MEFs
from these mice showed enhanced proliferation, suggesting
the antiproliferative role of p38a. Consistent with this,
MKK3�=�MKK6�=�MEFs, which almost completely lacked
p38 activity, similarly showed enhanced proliferation, sug-
gesting that the MKK3=6-p38 pathways have the anti-
proliferative function (25). The antiproliferative roles of p38a
have been proposed in other cell types; proliferation of
myoblasts, cardiomyocytes, lung cells, and hepatocytes is
increased in mice selectively lacking p38a in the respective cell
types, compared with control cells from p38af=f mice (88, 143,
273, 358).

A large body of evidence has suggested that p38 MAPKs
are the major players in skeletal muscle differentiation at
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multiple levels. However, the relative contribution of each of
the four p38 isoforms is not fully understood. Recently,
comprehensive analysis using mice carrying either of the
conditional (floxed) p38a, p38b, p38g, or p38d alleles has re-
vealed that p38a is essential for myoblast differentiation and
formation of multinucleated myotubes (273). Consistent with
this, p38a-deficient neonatal muscle exhibits delayed matu-
ration in vivo. Importantly, this phenotype appears to be as-
sociated with a delayed cell cycle withdrawal and continuous
proliferation of cells lacking p38a. Whereas myoblasts lacking
p38b or p38d normally differentiate and form myotubes, p38g-
deficient myoblasts exhibit an attenuated fusion capacity,
suggesting some contribution of p38g to myoblast differenti-
ation (61, 273).

One plausible explanation for the antiproliferative roles of
p38a is the suppression of the JNK-c-Jun pathway, which we
will discuss later (see Crosstalk between the JNK and p38
pathways section). Another important mechanism by which
p38a regulates proliferation, particularly in response to in-
ducers of DNA damage, is the control of cell cycle checkpoints
(115). MK2, a downstream kinase of p38 MAPKs, phosphor-
ylates Cdc25B and Cdc25C, phosphatases that facilitate G2=M
progression by activation of CDK1 by dephosphorylation of
its inhibitory phosphorylation sites. Phosphorylation sites in
Cdc25B=C by MK2 are recognized and sequestered by 14-3-3
proteins, leading to cell cycle arrest through inactivation of
Cdc25B=C (225). This mechanism appears to play an impor-
tant role in the control of DNA damage checkpoints, espe-
cially in the absence of p53, and may be critically involved in
the prevention of carcinogenesis and cancer progression (283).

c. p38 MAPKs in diseases. Recent evidence has strongly
suggested that p38 MAPKs are involved in tumor suppression
(115, 143, 362). The antiproliferative role of p38a described in
the previous section is recognized as a candidate mechanism
that may account for p38-dependent tumor suppression.
When immortalized MKK3�=�MKK6�=�MEFs were injected
subcutaneously into athymic nude mice, a dramatic increase
in tumorigenesis was observed (25). In a chemically induced
liver cancer model, mice with liver-specific deletion of the
p38a gene exhibited increased tumorigenesis, concomitant
with upregulated hepatocyte proliferation (142). Consistent
with the finding that p38a suppressed self-renewal of the lung
stem and progenitor cell population, K-Ras-induced tumori-
genesis was enhanced in p38a-deficient lungs (358).

p38-dependent apoptosis has also been proposed to con-
tribute to tumor suppression. Once activated by ROS-
producing carcinogenic stimuli, p38a induces apoptosis and
prevents the further accumulation of ROS and their carcino-
genic effects, indicating that p38a functions as a sensor of ROS
in tumorigenesis (81). p38 MAPKs also regulate oncogene-
induced senescence as a barrier to tumor development.
PRAK, a kinase directly regulated by p38, induces senescence
upon Ras-induced activation of p38, probably through direct
phosphorylation of p53 by PRAK (326). Inactivation of PRAK
prevents senescence and promotes oncogenic transformation
in primary cells, and consistent with this, chemically induced
skin tumorigenesis is increased in PRAK�=�mice, compared
with WT mice.

In contrast, p38d�=�mice have recently been shown to
be less susceptible to chemically induced skin tumorigenesis,
the same experimental system as used in the analysis of

PRAK�=�mice (304). This finding suggests that p38 isoforms
have different functions both in suppression and promotion
of tumorigenesis. Given that inflammation, particularly its
chronic form, is regarded as a critical component of tumor
promotion, p38 MAPKs may be able to accelerate tumori-
genesis through upregulation of inflammation. That p38
MAPKs play critical roles in cytokine production and in-
flammatory responses has been supported by a number of
studies mainly using p38 inhibitor compounds, and is further
supported by recent genetic analyses using selective deletion
of the p38a gene in myeloid or epithelial cells (171, 178).

Roles of p38 MAPKs in other pathological settings have
also been investigated; cardiac-specific p38a-deficient mice
exhibited abnormal responses to pressure overload, including
massive cardiac fibrosis and the appearance of apoptotic
cardiomyocytes (251). This finding demonstrates that p38a
plays a critical role in the cardiomyocyte survival pathway in
response to pressure overload, although both proapoptotic
and antiapoptotic regulatory roles of p38 MAPKs in cardio-
myocytes have been proposed (372). In fact, targeted in-
hibition of p38 MAPKs using transgenic mice expressing
dominant-negative MKK6 or dominant-negative p38a an-
tagonized cardiac injury and apoptosis after ischemia re-
perfusion (166). Further, p38d�=�mice were protected
against HFD-induced insulin resistance and oxidative stress-
mediated pancreatic b cell failure, suggesting that p38d reg-
ulates the insulin secretory capacity and survival of b cells
(324). Taken together with the roles of p38 MAPKs in a variety
of inflammatory diseases, such as rheumatoid arthritis,
Crohn’s disease, psoriasis, and asthma, as critical regulators of
cytokine production (59), these findings imply that p38
MAPKs are profoundly involved in a variety of human dis-
eases. Thus, p38 MAPKs attract serve as potential chemo-
therapeutic targets, and a number of p38 inhibitors have
indeed reached clinical trials (59).

3. Crosstalk between the JNK and p38 path-
ways. Recently, crosstalk between the JNK and p38 path-
ways has received much attention as a system that may
provide diversity of cellular stress responses. Although JNKs
and p38 MAPKs are often activated by the same stimuli
through common upstream signaling components and sy-
nergize to activate the downstream effectors, these two
pathways sometimes act antagonistically to each other. The
decreased cell proliferation, increased cellular senescence, and
resistance to oncogenic transformation observed in MKK7�=�

MEFs were all rescued by treatment with the p38 inhibitor,
suggesting that the phenotypic changes in the absence of JNK
activity are mediated by the p38 pathway and that JNKs
suppress p38 functions in WT cells (361). Consistent with this,
p38 activity was increased during liver regeneration after
partial hepatectomy in mice selectively lacking c-jun in the
liver and suppressed hepatocyte proliferation through aber-
rant induction of the CDK inhibitor p21. In fact, conditional
deletion of both p38a and c-Jun in the liver restored hepatocyte
proliferation and the normal level of p21 expression (320).

In contrast, aberrant activation of the JNK-c-Jun pathway
in the absence of p38a has been proposed to be involved in
cell proliferation. Fetal hematopoietic cells, MEFs, and hepa-
tocytes from p38a�=�mice exhibited increased proliferation
resulting from sustained activation of the JNK-c-Jun path-
way. Consistent with this, in the diethylnitrosamine-induced
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hepatocarcinogenesis model, mice with liver-specific deletion
of p38a exhibited increased tumor formation, which was re-
stored by conditional co-deletion of c-jun in the liver, sug-
gesting that p38a negatively regulates cell proliferation by
antagonizing the JNK-c-Jun pathway (142). Further, this reg-
ulatory system appears to operate in myogenesis. As de-
scribed above, p38a-deficient neonatal muscle exhibited
delayed maturation, which was associated with continuous
proliferation of cells lacking p38a. This proliferation in the
absence of p38a also depended on the activation of the JNK-c-
Jun pathway (273). Although molecular mechanisms by
which crosstalk between the JNK and p38 pathways is reg-
ulated are not fully understood, elucidation of such mech-
anisms is a prerequisite for a full understanding of the
physiological roles of the stress-activated MAP kinase
pathways.

C. MAP kinase kinases

MAP2Ks are signaling intermediates between MAP3Ks
and MAPKs. MAP2Ks are activated upon direct phosphory-
lation by MAP3Ks and in turn activate MAPKs by dual
phosphorylation at threonine and tyrosine residues within the
Thr-X-Tyr motif located within the activation loop of the
protein kinase subdomain VIII (194, 380). Among the seven
MAP2K isoforms in mammals (Fig. 1), we here focus on four
MAPKs, MKK4=SEK1, MKK7, MKK3, and MKK6, as regu-
lators of the JNK and p38 pathways.

1. MKK4 and MKK7. MKK4 (also known as SEK1) and
MKK7 cooperate to activate JNK via dual phosphorylation of
the Thr-Pro-Tyr (T-P-Y) motif in the kinase domain of JNK
(67). MKK4 and MKK7 have been shown to preferentially
phosphorylate at Tyr and Thr residues, respectively, of the T-
P-Y motif in JNKs, whereas MKK3 and MKK6 are believed to
activate p38 MAPKs by equally phosphorylating Thr and Tyr
residues in the T-G-Y motif in p38 MAPKs (198, 255) (Fig. 3).
Compared with that in WT cells, JNK activation by proin-
flammatory cytokines such as TNF-a and IL-1 was strongly
inhibited in MKK7�=� cells, whereas substantial JNK activa-
tion remained in MKK4�=�cells (345). However, JNK activa-
tion by environmental stressors, such as UV radiation, heat
shock, and osmotic stress, which was almost completely in-
hibited in embryonic stem cells deficient for both MKK4 and
MKK7 (MKK4�=�MKK7�=�), was similarly inhibited in both
MKK4�=�cells and MKK7�=�cells (184, 252, 330, 345, 402).
These observations suggest that the respective contribution of
MKK4 and MKK7 to JNK activation may differ depending at
least on the types of cellular stimuli.

Another functional difference between MKK4 and MKK7 is
that MKK4 activates not only JNK but also p38 in vitro,
whereas MKK7 activates only JNK (134, 219, 347, 390, 405).
Indeed, the residual p38 activation induced by UV radiation
in MKK3�=�MKK6�=�MEFs was further attenuated upon
MKK4 knockdown, suggesting that MKK4 plays a role in UV-
induced p38 activation (25). On the other hand, a contribution
of MKK4 to TNF-a-induced p38 activation was not detected in
the same experiment, indicating the selective function of
MKK4 in the p38 pathway. Therefore, for a more compre-
hensive understanding of the regulation of the JNK and p38
pathways, it may be important to elucidate the physiological
settings in which MKK4 activates p38.

MKK4�=�mice and MKK7�=�mice have been shown to
display severe anemia and die at E11.5-13.5, suggesting that
MKK4 and MKK7 have nonredundant functions in vivo
(98, 252, 254, 299, 373). MKK4 appears to have a crucial role
in inducing a survival signal in hepatocytes, since MKK4�=�

embryos exhibit severe hemorrhage with increased hepato-
cyte apoptosis in the liver at E12.5 (254) (Table 1). Deletion of
the MKK4 gene also enhanced TNF-a-induced apoptosis in
MEFs, which was accompanied by downregulation of TNF-
a-induced proliferative gene products, such as COX-2 and
cyclin D1, as well as of antiapoptotic gene products, such as
survivin, IAP1, XIAP, Bcl-2, Bcl-xL, and c-FLIP (309). Further,
MKK4 mediated survival signals in CD4þCD8þ thymocytes
and peripheral T cells by protecting the cells from Fas or CD3

FIG. 3. Regulation of JNKs and p38 MAPKs by MAP2Ks.
MKK4 and MKK7 activate JNKs by preferentially phos-
phorylating Tyr and Thr residues, respectively, of the T-P-Y
motif in JNKs, whereas MKK3 and MKK6 activate p38
MAPKs by equally phosphorylating Thr and Tyr residues in
the T-G-Y motif in p38 MAPKs. MKK4, but not MKK7, has
the ability to phosphorylate and activate p38 MAPKs.

Table 1. Cellular Apoptotic Phenotypes of Knockout Mice of Mitogen-Activated Protein

Kinase Kinases in the c-Jun N-Terminal Kinase and p38 Pathways

Genotypes In vivo phenotypes Cellular apoptotic phenotype References

MKK4�=� Lethal : Hepatocyte, MEF, Thymocyte, Peripheral T cell (252–254, 309)
Lethal ? Thymocyte, Peripheral T cell (330)

MKK7�=� Lethal ? Thymocyte, Mast cell (299, 360)
MKK3�=� No apparent phenotype ; Peripheral T cell (152, 217, 221, 337)
MKK6�=� No apparent phenotype ; Thymocyte (329, 337)
MKK3�=�MKK6�=� Lethal (25)

The upward and downward arrows indicate augmented and diminished apoptotic phenotypes, respectively, and the horizontal arrows
indicate no apparent changes, compared with the wild-type counterparts.

MEF, mouse embryonic fibroblast.
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cross-linking-induced apoptosis (253). However, another
group has suggested that MKK4 does not play an essential
role in the regulation of apoptosis, since they observed no
significant difference in Fas or CD3 cross-linking-induced
apoptosis between MKK4�=�thymocytes and WT thymocytes
(330). Unfortunately, no plausible explanation for this dis-
crepancy has been proposed thus far.

While MKK4 has been shown to regulate stress-induced
apoptosis, at least in some cellular contexts, the roles of MKK7
in stress-induced apoptosis have not been understood. When
MKK7�=�thymocytes and mast cells were compared with
their WT counterparts, UV radiation-, anisomycin-, and os-
motic stress-induced cell death was not inhibited, although
the JNK activation induced by these stressors was signifi-
cantly inhibited (299, 360). The MKK7-JNK pathway may thus
play no particular role in apoptosis signaling in these cellular
contexts. Collectively, MKK4 and MKK7 appear to have dis-
tinct functions, especially in the regulation of apoptosis,
whereas they cooperatively regulate JNK activity in some
cases. Differential usage and=or regulation of MKK4 and
MKK7 may account, at least in part, for the divergent func-
tions of the JNK pathway.

2. MKK3 and MKK6. MKK3 and MKK6 activate p38 via
dual phosphorylation of the Thr-Gly-Tyr (T-G-Y) motif in the
kinase domain of p38 (194). Phosphorylation of p38 is medi-
ated, in part, through interaction between the N-terminal re-
gion of MKK3 or MKK6 and the docking site on p38
containing the T-G-Y motif (35) (Fig. 3). MKK3 and MKK6
have been proposed to function in the regulation of T cell
development, cytokine production, and inflammatory re-
sponses (152, 217, 221, 391). Several reports have also dem-
onstrated the involvement of MKK3 and MKK6 in multiple
apoptosis-inducing pathways. Overexpression of a consti-
tutively active form of MKK3 potentiated Fas-induced apo-
ptosis (164), and a dominant negative form of MKK3
inhibitednerve growth factor (NGF) withdrawal-induced
apoptosis in differentiated PC12 cells (394). Overexpression of
a constitutively active form of MKK6 induced apoptosis in
NIH3T3 cells (55). Further, MKK6 was activated by over-
expression of c-Abl, which is a ubiquitously expressed protein
tyrosine kinase activated by DNA damage (see c-Abl section),
and a dominant negative form of MKK6, but not dominant
negative form of MKK3, inhibited c-Abl- and DNA damage-
induced apoptosis (55). These findings demonstrate that
MKK3 and MKK6 function as mediators of apoptosis in
several cellular contexts. However, the molecular mecha-
nisms by which MKK3 and MKK6 induce proapoptotic sig-
nals are still unclear. The specific p38 inhibitor compound
SB203580 and a dominant negative form of p38 (p38DN)
failed to inhibit NGF withdrawal-, c-Abl-, and MKK6-induced
apoptosis (55, 164). Although Fas cross-linking induced acti-
vation of MKK6 and the caspase cascade, p38DN had no effect
on Fas=MKK6-mediated apoptosis (141). These findings
suggest that the MKK3- and MKK6-mediated apoptosis
pathways may have some redundancy or branch from the p38
pathway.

The contribution of MKK3 and MKK6 to apoptosis has
been analyzed by deletion of their respective genes in mice.
MKK3�=�mice and MKK6�=�mice are viable and fertile with
no apparent developmental abnormalities, including in the
thymus and spleen (337, 391) (Table 1). Whereas the number

of thymocytes and splenocytes in MKK3�=�mice and
MKK6�=�mice was comparable with that in WT mice, apo-
ptosis of CD4þCD8þ double positive thymocytes induced by
anti-CD3 antibody treatment (CD3 cross-linking) in vivo was
inhibited in MKK6�=�mice, but not in MKK3�=�mice, com-
pared with WT mice (337). Consistent with this finding,
MKK6�=�thymocytes, but not MKK3�=�thymocytes, showed
a reduction in anti-CD3 antibody-induced p38 activation and
apoptosis in vitro. Moreover, overexpression of MKK6 in a
fetal thymic organ culture induced thymocyte apoptosis and
mimicked the negative selection of CD4þCD8þ thymocytes
(323, 329). These findings suggest that MKK6 contributes to
the negative selection of CD4þCD8þ thymocytes through p38
activation. On the other hand, MKK3, but not MKK6, appears
to be involved in peripheral T cell apoptosis. Although there
was no significant difference in proliferation of T cells among
MKK3�=�mice, MKK6�=�mice, and WT mice, activated CD4þ

T cells derived from MKK3�=�mice were more resistant to
apoptosis induced upon IL-2 withdrawal than those from
MKK6�=�mice or WT mice (337). Collectively, these results
suggest that MKK3 and MKK6 are differentially involved in
the apoptosis of activated CD4þ peripheral T cells and
CD4þCD8þ thymocytes, respectively.

The role of MKK3 in apoptosis has also been shown using
the mouse model of unilateral ureteric obstruction (221).
Apoptosis of tubular cells in this model was significantly re-
duced in MKK3�=�mice compared with WT mice. Further,
primary cultured tubular epithelial cells from MKK3�=�mice
were resistant to oxidative stress-induced apoptosis. These
findings suggest that MKK3 contributes to renal cell apoptosis
in this pathological setting.

Mice deficient for both MKK3 and MKK6 (MKK3�=�

MKK6�=�mice) die during midgestation at embryonic day (E)
11.0-11.5 and appear to be developmentally delayed and ex-
hibit symptoms of severe anoxia, which are consistent with
the phenotype of p38a�=�mice (25). Considering the possi-
bility that phenotypes of MKK3�=�mice and MKK6�=�mice
are compensated to some extent by MKK6 and MKK3, re-
spectively, MKK3�=�MKK6�=�mice will be powerful tools
to elucidate the actual contribution of MKK3 and MKK6 to
apoptosis induction.

D. MAP kinase kinase kinases

The MAP3Ks are highly divergent in structure and gene
number and possess different motifs and domains, which
control protein–protein interactions and post-translational
modifications, such as ubiquitination, sumoylation, and
phosphorylation, and generate specificity for the stimulus-
dependent activation of the MAP2K-MAPK pathways.
MAP3Ks function as platforms to integrate MAPK activation
with physiological responses to different stimuli. The activa-
tion of multiple MAP3Ks provides the spatio-temporal con-
trol of the MAPK pathways, which produces a wide variety of
physiological responses needed for determining cell fate, such
as survival and apoptosis, in response to various types of
stress.

1. ASK family. ASK1, also called MEKK5 or MAP3K5,
is one of the MAP3K family members that activate the
JNK and p38 MAPK pathways through MKK4=MKK7
and MKK3=MKK6, respectively (148, 368). ASK2, also called
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MEKK6 or MAP3K6, possesses an overall structure similar to
that of ASK1 (334, 369), and thus these MAP3Ks compose the
ASK family. NSY-1 and Drosophila ASK1 (DASK1) are the
single orthologs of mammalian ASK family in C. elegans and
Drosophila, respectively, and are considered prototypic mol-
ecules of ASK1 and ASK2 (192, 295).

ASK1 is activated in response to various types of stress,
such as oxidative stress and ER stress, calcium overload, and
inflammatory cytokines such as TNF-a and plays pivotal roles
in apoptosis signaling pathways. Overexpression of WT
ASK1 or constitutively active ASK1 induces apoptotic cell
death (297). ASK1-dependent apoptosis is mainly mediated
by mitochondria-dependent caspase activation (124). Ex-
pression of a constitutively active mutant of ASK1 induced
the release of cytochrome c from the mitochondria and acti-
vation of caspase-9 and caspase-3, but not of caspase-8, and
ASK1 failed to activate caspase-3 in caspase-9-deficient cells.
When activated at the G2=M phase, the ASK1-JNK pathway
inactivated Bcl-2, an antiapoptotic Bcl-2 family member, by
phosphorylation (400).

ASK1 activity is upregulated by auto-phosphorylation of a
threonine residue within the activation segment in the kinase
domain (Thr838 and Thr845 of human and mouse ASK1, re-
spectively) and is downregulated by dephosphorylation of
this site by protein phosphatases, such as protein serine=
threonine phosphatase 5 (PP5; see the next section) and pro-
tein phosphatase 2Ce (244, 296). In addition, Ser83, Ser966,
and Ser1033 have been identified as negative phosphorylation
sites (95, 102, 213). Among them, Ser83 is particularly drawing
much attention, because this site is phosphorylated, and thus
inactivated, by the survival-promoting serine=threonine ki-
nase Akt=protein kinase B (177, 411). Akt is activated through
phosphoinositide-dependent kinase 1 downstream of phos-
phatidylinositol 30 kinase that is activated in response to a
variety of growth factors and cytokines, and the activated Akt
in turn phosphorylates a wide range of substrate proteins,
including several proapoptotic proteins (116, 386). In addition
to cell survival, Akt is known to regulate multiple cellular
processes such as nutrient metabolism, cell proliferation, cell
motility, and angiogenesis. Therefore, Akt may counteract the
roles of ASK1 not only in apoptosis induction, but also in
other various biological functions.

ASK2 is a recently characterized member of the ASK family
and a functional binding partner of ASK1. By the formation of
an endogenous heteromeric complex with ASK1, ASK2 is
stabilized and exhibits sufficient activity toward the JNK and
p38 pathways, accompanied by an increase in apoptosis-
inducing caspase-3 activity (334). In the absence of ASK2,
H2O2-induced JNK activation is clearly diminished, suggest-
ing that the ASK1=ASK2 hetero-complex plays critical roles in
regulation of the oxidative stress-induced apoptosis-signaling
pathway. Further, chemically induced skin tumorigenesis
was promoted in ASK2�=�mice; in cooperation with ASK1,
ASK2 functions as a tumor suppressor by exerting pro-
apoptotic activity in epithelial cells (153). Genetic analyses
using Drosophila have shown that DASK1 mediates conserved
death signaling in fly eyes and cells (192). DASK1 was iden-
tified through a dominant modifier screening that explored
the mediators of cell death induced by Reaper, a proapoptotic
factor during Drosophila embryogenesis. The Reaper-induced
cell death was clearly suppressed by the expression of a
dominant negative mutant of DASK1.

a. ASK1 and oxidative stress. MEFs derived from ASK1�=�

mice were resistant to oxidative stress- and TNF-a-induced
apoptosis (343). Oxidative stress- and TNF-a-induced sus-
tained but not transient activations of JNK and p38 were sig-
nificantly diminished in ASK1�=�cells. TNF-a-induced
apoptosis also required ROS-dependent activation of the
ASK1-JNK and -p38 pathways. Therefore, ROS-mediated sus-
tained activations of the JNK and p38 pathways may be re-
sponsible for apoptosis. As a redox sensor, ASK1 may sense the
extent of oxidative stress and drive apoptosis signaling only
when cells are extensively damaged by excess and prolonged
exposure to ROS. Fas, a member of the death receptor family,
also induces ASK1 activation through the association between
ASK1 and Daxx (36). Although Fas-induced activations of
JNK and p38 were reduced in ASK1-deficient thymocytes, Fas-
mediated apoptosis was unaffected, suggesting that ASK1 is
not required for Fas-induced apoptosis in thymocytes (343).
The possible involvement of ASK1 in Fas-induced apoptosis in
other cell types and tissues should be examined.

The regulatory mechanisms of ASK1 have been well char-
acterized. In nonstimulated cells, ASK1 forms an inactive
complex with thioredoxin (Trx), which is a redox-sensitive
protein with inhibitory activity on ASK1 (297). Trx is a redox-
regulatory protein that has two redox-sensitive cysteine resi-
dues within the active center. ASK1 is dissociated from Trx in
an oxidative stress-dependent manner and thereby activated
by its homophilic interaction and cross-phosphorylation. ROS
produced by various stimuli, such as TNF-a and anticancer
drugs, are the most potent activators of the ASK1-mediated
apoptosis-signaling pathway (Fig. 4). ASK1 is also activated
by endotoxins such as LPS through ROS production, so that
mammalian ASK1 as well as its C. elegans ortholog NSY-1 play
critical roles in innate immune response (179, 232). ROS
therefore function not only as inducers of ASK1-mediated
apoptosis, but also as enhancers of inflammation mediated by
activation of the ASK1-p38 pathway. TNF receptor-associated
factor 2 (TRAF2) and TRAF6, originally identified as adaptor
proteins between kinases and receptors, activate ASK1
downstream of TNF receptor 1 (TNFR1) and the LPS receptor
Toll-like receptor 4 (TLR4), respectively, by enhancing homo-
oligomerization and subsequent auto-phosphorylation of
ASK1 (232, 258, 261). Moreover, ROS-mediated activation of
the ASK1-p38 pathway is required for extracellular ATP-
induced apoptosis in macrophages, which is initiated by the
ATP-ligated P2X7 purine receptor (260). The ATP-induced
apoptosis may be required for termination of inflammatory
responses.

ROS generated by angiotensin II (Ang II) plays an impor-
tant role in pathophysiological cardiac hypertrophy and re-
modeling. ASK1 was activated upon treatment with Ang II in
an ROS-dependent manner in the left ventricle, and Ang II-
induced cardiac hypertrophy and remodeling was signifi-
cantly reduced in ASK1�=�mice (154). Also in models of
myocardial infarction and pressure overload, cardiac hyper-
trophy and remodeling was inhibited in ASK1�=�mice (399).
In addition, when subjected to myocardial ischemia reperfu-
sion injury, ASK1�=�mice exhibited decreased infarct size and
reduced susceptibility to myocardial cell death (374). These
findings strongly suggest that ROS-mediated ASK1 activity is
widely involved in the pathogenesis of heart failure.

Alzheimer’s disease (AD) is pathologically characterized
by cerebral neuritic plaques of amyloid-b (Ab) peptide and
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neurofibrillary tangles that induce severe neurodegeneration
through apoptotic neuronal death. Ab activates ASK1
through the generation of ROS in neuronal cells, and ASK1-
deficient neurons are defective in Ab-induced JNK activation
and cell death, suggesting that ROS-mediated ASK1 activa-
tion by Ab is an important step in the pathogenesis of AD
(165).

PP5 is a negative regulator of ASK1 (244). PP5 binds to and
dephosphorylates the activated form of ASK1 in response to
oxidative stress, inactivating ASK1 in a negative feedback
manner. Recently, it has been demonstrated that in response
to oxidative stress, activated ASK1 is ubiquitinated and
destabilized by proteasomal degradation. USP9X, a deubi-
quitination enzyme, binds to ASK1 in an oxidative stress-
dependent manner and prolongs ASK1 activation through
deubiquitination and stabilization of activated and ubiquiti-
nated ASK1. Consistent with this finding, ASK1-mediated
apoptosis was enhanced in USP9X-deficient cells (248).
HSP72, a heat shock protein, interacts with ASK1 and pre-
vents its dimerization and activation. A mild heat shock in-
duces the ASK1-HSP72 interaction, which protects cells from
ROS-induced apoptosis (268).

Reactive nitrogen species (RNS) also regulate ASK1 ac-
tivity and probably ASK1-mediated apoptosis (127, 325). S-
nitrosylation of Trx has been proposed to be a possible
mechanism for regulation of ASK1 activity by RNS. Whereas

basal S-nitrosylation of Trx Cys69 that lies outside the active
site facilitates antiapoptotic functions, S-nitrosylation of pos-
sibly the active site cysteine residues (Cys32 and Cys35) exerts
proapoptotic activity by facilitating dissociation of ASK1 from
Trx (325). On the other hand, ASK1 itself is S-nitrosylated at
Cys869, but in this case, ASK1 activity is reduced (270). Thus,
it remains to be elucidated whether RNS-induced activation
of ASK1 is proapoptotic or antiapoptotic in physiological and
pathological settings.

b. ASK1 and ER stress. Accumulation of unfolded and
misfolded proteins in the ER induces cellular stress, and
persistent exposure to severe ER stress finally leads cells to
apoptosis. TRAF2 functions as an adaptor protein of IRE1,
which is a transmembrane sensor and a signal transducer
protein in ER stress signaling. The TRAF2-ASK1 pathway is
required for ER stress-induced apoptosis; ASK1-deficient
MEFs were resistant to the ER stress-induced apoptosis, ac-
companied by suppression of activations of JNK and p38
(257).

Accumulating evidence has suggested that ER stress is
critically involved in neurodegenerative disorders, such as
AD, Parkinson’s disease, and polyglutamine (polyQ) dis-
eases. ER stress caused by polyQ aggregation induced for-
mation of the IRE1-TRAF2-ASK1 complex, which was critical
for the ER stress-induced apoptosis (257). Recently, ASK1 has

FIG. 4. Regulation of ROS-induced ASK1 activation. ASK1 possesses a kinase domain (KD) in its midportion and two
coiled-coil domains, one in the N-terminal and the other in C-terminal, both of which are critical for ASK1 activation through
the homophilic interaction. ASK1 is inactivated by interaction with the reduced form of thioredoxin (Trx). Upon ROS-induced
dissociation of Trx from ASK1, ASK1 is tightly oligomerized through its N-terminal coiled-coil (NCC) domains in addition to
the basal interaction through its C-terminal coiled-coil (CCC) domains. TRAF adaptor proteins, such as TRAF2 and TRAF6,
are recruited to ASK1 and facilitate the active configuration of ASK1. ASK1 is fully activated by auto-phosphorylation of a
threonine residue in its KD. ROS are produced not only by stress stimuli, such as TNF-a and anticancer drugs, but also by
endotoxins, such as lipopolysaccharide (LPS). ROS function as mediators of both apoptosis and immune response. ASK,
apoptosis signal-regulating kinase; ROS, reactive oxygen species; TNF-a, tumor necrosis factor-a; TRAF, TNF receptor-
associated factor.

APOPTOSIS SIGNALING KINASES 729

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3392&iName=master.img-003.jpg&w=419&h=257


been reported to be involved in amyotrophic lateral sclerosis
(ALS) (256). Mutation in Cu=Zn-superoxide dismutase is a
cause of familial ALS through induction of motor neuron
death. The superoxide dismutase mutant specifically interacts
with Derlin-1, a component of ER-associated degradation
machinery, and induces ER stress through dysfunction of ER-
associated degradation. ER stress-induced ASK1 activation
appears to be crucial for disease progression of ALS (Fig. 5).
Nevertheless, how ASK1 is activated after the interaction with
TRAF2 under the ER stress conditions, particularly under
these pathological conditions, remains to be elucidated. Since
the generation of ROS and the disturbance of Ca2þ homeo-
stasis can be seen in cells suffering from ER stress, ROS-
and=or Ca2þ-induced activation mechanisms of ASK1 may
also be involved in pathologies in ER stress-related neurode-
generative disorders (135, 333).

2. MEKK family

a. MAP=ERK kinase kinase 1. The MEKK family has four
family members, MEKK1, MEKK2, MEKK3, and MTK1.
These members are capable of regulating multiple MAP2K-
MAPK pathways. MEKK1, also called MAP3K1, was the first
member of this family to be identified and characterized, and
activates the MEK1=2-ERK1=2, MKK4=MKK7-JNK, and
MKK3=MKK6-p38 pathways. It has been shown by analysis
of MEKK1�=�cells that MEKK1 is required for JNK activation
induced by microtubule disruption, cold stress, hyper-
osmolarity, and proinflammatory stimuli, but not for that
induced by heat shock, anisomycin, and UV radiation (392,
412). Importantly, loss of MEKK1 expression results in an
increase in apoptosis of cells exposed to hyperosmolarity and
microtubule disruption (412). These findings demonstrate
that MEKK1 plays an important role in protecting cells from
apoptosis induced by a certain range of cytotoxic stresses. On

the other hand, several studies have revealed that MEKK1 is
also implicated in apoptosis (1, 17, 32, 90).

Overexpression of dominant active (DA) MEKK1 in the
Jurkat T cell line induces apoptosis in parallel with prolonged
JNK activation. DA-MEKK1 also enhances the expression of
the Fas ligand on the cell surface of T lymphocytes (90).
Overexpression of DA-MEKK1 in neuron-like PC12 cells also
promotes apoptosis even in the presence of trophic factors
such as NGF, accompanied by activation of JNK and p38.
Moreover, MEKK1 contributes to cell death, including anoikis,
cell death induced by detachment of cells from the extracellu-
lar matrix, and androgen receptor-dependent apoptosis and in
which MEKK1 activation is induced by insufficient cell–matrix
interactions (1, 32). Expression of death receptors, such as
DR4=TRAILR1 and DR5=TRAILR2, is increased by MEKK1
activation (17). These reports have shown that MEKK1 serves
as an important mediator of apoptosis in human cancers, such
as prostate cancers and malignant lymphomas.

MEKK1 is a direct substrate of caspase-3. MEKK1 is acti-
vated by the caspase-3-dependent cleavage during anoikis,
DNA damage, and Fas ligation (32, 69, 379) (Fig. 6). MEKK1 is
composed of a large N-terminal regulatory domain and a C-
terminal kinase domain. The caspase-3-dependent cleavage of
MEKK1 releases a constitutively active MEKK1 catalytic do-
main from a detergent-insoluble cellular compartment into
the soluble cytoplasm (69). Exogenous expression of WT
MEKK1 or the cleaved catalytic fragment promotes genotoxin-
induced apoptosis, whereas a mutant MEKK1 that is resistant
to caspase cleavage is impaired in its ability to induce apo-
ptosis (379). Overexpression of the noncleavable MEKK1
mutant also protects cells from anoikis-induced apoptosis,
suggesting that caspase-mediated activation of MEKK1 pro-
motes apoptosis (32).

An alternative proposal is that MEKK1 induces apoptosis
by promoting the ubiquitination and degradation of c-Jun

FIG. 5. ER stress-induced
ASK1 activation in neurode-
generative disorders. In poly-
glutamine (polyQ) diseases,
aggregated polyQ blocks the
ubiquitin-proteasome system,
leading to dysfunction of
the proteasome-coupled ER-
associated degradation (ERAD)
machinery. In amyotrophic lat-
eral sclerosis (ALS), a SOD1
mutant specifically interacts
with and inhibits Derlin-1, a
component of ERAD machin-
ery. In both diseases, unfolded
and misfolded proteins are ac-
cumulated in the ER through
dysfunction of ERAD. The ab-
errant protein accumulation-
induced ER stress activates
IRE1 as a sensor molecule,
which triggers activation of the
TRAF2–ASK1 pathway, result-
ing in neuronal cell death.
SOD1, superoxide dismutase.
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(393). MEKK1 possesses the plant homeo domain (PHD) do-
main, a RING finger-like structure, which exhibits E3 ubi-
quitin ligase activity. MEKK1 also associates with ERK1=2
and mediates the polyubiquitination and degradation of
ERK1=2 in response to stress stimuli, such as hyperosmotic
shock, eventually leading to stress-induced apoptosis (220).
Thus, MEKK1 functions as an anti- or proapoptotic kinase in a
cell-type- and=or stimuli-dependent manner.

b. MEKK2 and MEKK3. MEKK2 and MEKK3 preferentially
activate the MKK4=MKK7-JNK and MKK3=MKK6-p38
pathways, respectively. These MEKKs are structurally similar
to each other and can also activate the MKK5-ERK5 pathway
(62). In addition, MEKK2 has recently been shown to mediate
hyperosmotic stress-ERK1=2 activation (228). Compared with
WT thymocytes, MEKK2�=�thymocytes are more susceptible
to anti-CD3-induced apoptosis, but not to apoptosis induced
by anti-Fas antibody, UV radiation, and dexamethasone
treatment (111). MEKK3�=�mice are embryonic lethal due to
abnormalities in the extraembryonic vasculature of the yolk
sac, the embryonic vasculature, and the heart. Primary vessels
form, but angiogenesis is not observed. The endocardium fails
to adhere to the cardiac myocytes of the ventricle. These de-
fects are partially caused by increased endothelial cell apo-
ptosis (75, 404). MEKK2 and MEKK3 as well as MEKK1
activate the NF-kB pathway, so that MEKK2 and MEKK3 may
be important for the survival signaling. TRAF7, a novel TRAF
family member, potentiates MEKK3-mediated activation of
transcription factors AP1 and CHOP and induces apoptosis
(395). However, it is unclear whether MEKK3 is directly im-
plicated in the apoptosis signaling.

c. MTK1=MEKK4. MTK1, also called MEKK4 or MAP3K4,
activates the MKK4=MKK7-JNK and MKK3=MKK6-p38
pathways in response to various types of stress, such as os-
motic shock, oxidative stress, and UV radiation. MTK1�=�mice
exhibit embryonic lethality due to skeletal defects and ex-
encephaly associated with enhanced apoptosis in the neural
tube and a loss of JNK and p38 activation, suggesting that
MTK1 exerts antiapoptotic functions in vivo (45). Nevertheless,
MTK1 also functions as a proapoptotic kinase (335, 340).

Growth arrest and DNA damage inducible 45 (GADD45) a,
b, g proteins bind to the N-terminus of MTK1 (335) (Fig. 6).
This interaction releases the kinase domain of MTK1 from its
auto-inhibitory N-terminal domain and eventually activates
MTK1. GADD45 proteins are induced in response to geno-
toxic stresses such as UV, g-irradiation, and chemical geno-
toxins. Ectopic expression of GADD45 proteins induces p38
and JNK activation and apoptosis, which can be suppressed
by a dominant negative mutant of MTK1. The MTK1-
JNK=p38 pathways promote apoptosis through induction of
GADD45 proteins in response to genotoxic stress, suggesting
that the GADD45-MTK1 system provides a positive loop for
apoptosis induction through p38 and JNK activation (335). It
has also been reported that the BRCA1 tumor suppressor gene
induces apoptosis by activation of the MTK1-JNK pathway in
breast and ovarian cancer cell lines, which are subjected to
various proapoptotic stimuli, including growth factor with-
drawal, substratum detachment, ionizing radiation, and
treatment with anticancer agents (340).

Recently, the signaling scaffold protein, receptor for acti-
vated C-kinase 1 (RACK1), has been identified as another
important binding protein of MTK1 (7). RACK1 facilitates

FIG. 6. The activation
mechanisms of MEKK1 and
MTK1=MEKK4. MEKK1 is
activated by the caspase-3-
dependent cleavage in re-
sponse to anoikis, DNA dam-
age, and Fas ligation. The
cleaved C-terminal region of
MEKK1 including the KD acts
as a constitutively active form
and activates the ERK and
JNK pathways. On the other
hand, MEKK1 possesses a
RING finger-like structure,
which exhibits E3 ubiquitin
ligase activity. MEKK1 pro-
motes ubiquitination and
degradation of ERK1=2 and c-
Jun. MTK1=MEKK4 is acti-
vated by interaction with
GADD45 proteins, which are
induced in response to UV, g-
irradiation, and chemical
genotoxins. This interaction
releases the KD of MEKK4
from its auto-inhibitory N-
terminal domain and activates
MTK1 kinase activity, leading
to p38 and JNK activation.
GADD45, growth arrest and
DNA damage inducible 45.
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activation of MTK1 and thus induces apoptosis in response to
certain types of stressors, such as UV radiation, H2O2, and
genotoxic drugs. In response to different types of stressors
such as hypoxia, however, RACK1 is sequestered into the so-
called stress granules, which are known to accumulate factors
of stalled translation initiation complexes, and thereby MTK1
activation and apoptosis are suppressed. These findings
suggest that MTK1 contributes to hypoxia-induced resistance
to chemotherapy.

3. MLK family. The MLK family is activated in response to
various types of stress, such as heat shock, inhibition of protein
glycosylation, exposure to inflammatory cytokines, and UV
radiation (96). The MLK family, the biggest MAP3K family,
consists of seven different members, which are divided into
three subgroups on the basis of domain arrangements and
sequence similarity within their catalytic domain: the MLKs,
which include MLK1, MLK2, MLK3, and MLK4; the DLKs,
which include DLK itself and leucine-zipper kinase (LZK); and
zipper sterile-a-motif kinase (ZAK) (Fig. 7). The MLKs share
conserved domains, including a Src-homology 3 (SH3) domain,
kinase domain, leucine-zipper (LZ), and Cdc42=Rac-interactive
binding (CRIB) domain. The SH3 domain contributes to kinase
autoinhibition, the LZ mediates protein dimerization or olig-
omerization, and the CRIB domain binds to Cdc42 and Rac,
upstream activators of MLKs. The DLKs and ZAK lack the SH3
and CRIB domains, but they contain a kinase domain similar
to that in other MLK family members and one or two LZ
regions. ZAK has two splicing variants, ZAKa and ZAKb,
the former of which contains a sterile-a motif that mediates
homo- or hetero-dimerization. MLK3, DLK, and ZAK activate
the MKK4=MKK7-JNK and MKK3=MKK6-p38 pathways,
whereas MLK1, MLK2, MLK4, and LZK preferentially activate
the MKK4=MKK7-JNK pathway.

a. Mixed-lineage kinases. Among the four MLKs, the func-
tions of MLK1, MLK2, and MLK3 have been widely investi-

gated, whereas that of MLK4 remains unclear. MLK1�=�mice,
MLK2�=�mice, and mice deficient for both MLK1 and MLK2
(MLK1�=�MLK2�=�mice) are viable and fertile, and show
no developmental abnormalities (19). MLK3�=�mice are via-
ble and fertile except for a mild defect in the epidermal tissue
of the dorsal midline and a selective reduction in TNF-a-
stimulated JNK activation (26).

MLKs play important roles in trophic factor deprivation-
induced neuronal cell death. Ectopic expression of MLK2 or
MLK3 in PC12 cells induces apoptosis through JNK activation
(396). In a study in which apoptosis of superior cervical
ganglion (SCG) sympathetic neurons was induced by depri-
vation of NGF from the culture medium, MLK3 activity was
increased (245). Overexpression of MLK3 in SCG neurons
activated JNK and induced apoptosis, whereas a kinase in-
active MLK3 mutant protein blocked NGF-deprivation-
induced apoptosis of SCG neurons. In the rat hippocampal
cell line HN33, overexpressed MLK2 or MLK3 induced apo-
ptosis, whereas a kinase inactive mutant of MLK2 or
MLK3 suppressed the kainate receptor glutamate receptor 6
(GluR6)-induced apoptosis (302). The induction of apoptosis
in HN33 cells appears to require the postsynaptic-density
scaffold protein PSD-95, which binds to both GluR6 and
MLK2=MLK3 and couples the MLK2=MLK3-JNK pathway to
GluR6. Further, the dominant negative forms of MLK1,
MLK2, and MLK3 suppressed apoptosis induced by trans-
forming growth factor-b (TGF-b) in hepatoma cells (180).
Since this TGF-b-induced apoptosis is dependent on p38 ac-
tivation, MLKs appear to mediate a proapoptotic signal
through the p38 pathway.

It has been proposed that MLK2 is involved in a neurode-
generative disorder, Huntington’s disease (HD), which is
caused by the expansion of a polyQ stretch near the N-
terminus of the responsible gene huntingtin. The length of the
polyQ expansion correlates with the severity of HD (214).
Under normal conditions, MLK2 interacts with huntingtin
and the catalytic activity of MLK2 is inhibited. In HD, polyQ-

FIG. 7. MLK family ki-
nases. Domain structures of
the members of the mamma-
lian MLK family are shown.
The MLK family is divided
into three subgroups on the
basis of domain arrangements
and sequence similarity with-
in their catalytic domains.
MLK4 and ZAK have two
splicing variant forms. CRIB,
Cdc42=Rac-interactive bind-
ing; G=P, Gly=Pro-rich se-
quence; LZ, leucine-zipper
domain; MLK, mixed-lineage
kinase; SAM, sterile-a motif;
SH3, Src-homology 3; ZAK,
zipper sterile-a-motif kinase.
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expanded huntingtin is aggregated and appears to no longer
interact with MLK2. The released MLK2 is activated and
promotes JNK-mediated apoptosis.

Many functional analyses of MLKs have been performed
by an inhibitor compound of MLKs, CEP-1347, which blocks
JNK activation and protects primary cultured motoneurons
from trophic factor deprivation- and UV-induced apoptosis
(227). CEP-1347 selectively inhibits the activity of MLKs, but
not that of other MAP3Ks (226). CEP-1347 is also effective in
animal models of HD, AD, and Parkinson’s disease, so that
MLKs are logical therapeutic targets of neurodegenerative
diseases through the prevention of neuronal cell death (5, 23,
24, 54). These studies using CEP-1347 support the notion that
the MLKs-JNK pathway plays important pathophysiological
roles in apoptosis.

Recently, MLK3 has been shown to be involved in meta-
bolic stress signaling (155). Obesity is one of the risk factors of
metabolic syndrome and is associated with free fatty acids
(FFA). Intriguingly, FFA induced a high level of JNK activa-
tion in WT MEFs, but activated JNK to a lesser extent in
MLK3�=�MEFs, indicating that MLK3 is required for FFA-
induced JNK activation. Consistent with this finding, feeding
WT mice a HFD, which increases blood FFA, caused MLK3
activation. Further analysis using MLK3�=�mice demon-
strated that MLK3 was required for obesity-induced JNK ac-
tivation in brown fat. These findings strongly suggest an
important role of MLK3 in metabolic stress signaling. On the
other hand, MLK3 was not required for obesity-induced JNK
activation in white fat, suggesting that other MLKs may be
involved in regulation of JNK activity in tissues other than
brown fat in metabolic stress signaling (155).

b. DLKs and ZAK. DLK, also called MUK, ZPK, or
MAP3K12, was involved in apoptosis induced by neuro-
trophic factor deprivation in PC12 cells and sympathetic
neurons and that ectopic expression of DLK induced apo-
ptosis through JNK activation in PC12 cells (396). The domi-
nant negative form of DLK prevented apoptosis and
enhanced long-term survival of dopamine neurons through
the blockade of phosphorylation of c-Jun (40). These findings
suggest that DLK is an important regulator of apoptosis,
particularly in neuronal cells. Although it has not been clari-
fied whether the proapoptotic activity of DLK in neuronal
cells is directly involved, DLK plays an essential role in mouse
brain development; DLK�=�mice die perinatally and display
abnormal brain development, such as defects in anterior
commissure, axon growth, and radial migration of pyrami-
dal neurons (129). Recently, it has been shown, by using
DLK�=�mice and mutant flies lacking the Drosophila ortholog
of DLK, that DLK promotes the degeneration of severed ax-
ons through JNK activation (239).

Although the activation mechanisms of DLK are not fully
understood, it has been proposed that activation of DLK is
induced by its oligomerization via tissue transglutaminase, a
family of Ca2þ-dependent cross-linking enzymes that form
specific cross-linked protein polymers. Since both the ex-
pression level and activity of tissue transglutaminase increase
in apoptotic cells, tissue transglutaminase-dependent oligo-
merization, and thus activation, of DLK may be a critical step
for apoptosis (126).

The functions of ZAK, also called MLK7, have not yet been
clarified, except that ZAK is required for JNK and p38 acti-

vation as well as for apoptosis induced by anisomycin or UV
radiation (367). Considering that ZAK is the only protein
carrying a sterile-a motif domain among the MLK family
members, this unique kinase might have a distinct function
from other members.

4. Other MAP3Ks

a. TGF-b activated kinase 1. TAK1, also called MAP3K7,
was originally identified as a kinase activated by TGF-b (398).
TAK1 is activated in response to TGF-b and bone morpho-
genetic proteins, members of the TGF-b superfamily, and in-
duces activation of the p38 pathway and transcription of
genes such as plasminogen activator inhibitor-1, a classical
target gene of TGF-b (196). Although the biological outputs of
activation of TAK1 by TGF-b have not been well understood,
bone morphogenetic protein 2 induces apoptosis through
activation of the TAK1-p38 pathway in mouse hybridoma
MH60 cells (183). In the neuroepithelium of early Xenopus
embryos, TAK1 induces apoptosis, which is important for the
dorsoventral patterning of early embryos (316). Moreover,
ectopic expression of Drosophila TAK1 triggers JNK-mediated
apoptosis in Drosophila embryogenesis and eye development
(332). Thus, TAK1-induced apoptosis plays critical roles in
embryogenesis and organ development.

TAK1 is also activated in response to proinflammatory
stimuli, such as IL-1b, TNF-a, and LPS, and activates the
MKK4=MKK7-JNK and MKK3=MKK6-p38 pathways (3). The
TAK1 signaling complex consists of several adaptor proteins,
including TAK1-associated binding protein 1 (TAB1), TAB2,
TAB3, and TRAF6. By this complex, TAK1 also activates the
IKKa=IKKb-IkB-NF-kB survival pathway, so that TAK1 has
important roles for the transduction of survival signals. Ac-
tually, TAK1�=�mice are embryonic lethal due to severe vas-
cular defects and substantial delayed growth, and display
massive apoptosis of hepatocytes and hematopoietic cells.
Moreover, the role of TAK1 in inflammation is also important,
because the JNK, p38, and NF-kB pathways are essential for
the regulation of cytokine expression. IL-1b-induced IL-6
expression was decreased in TAK1�=�MEFs, and the cellu-
lar responses to TLR ligands, CD40, and B cell receptor
cross-linking were considerably impaired in mice with B
cell-specific TAK1 deficiency (300). Epidermal-specific TAK1-
deficient mice exhibited loss of IL-1b- and TNF-a-induced
activation of NF-kB and JNK and a severe inflammatory skin
condition by postnatal day 6–8, suggesting that TAK1 plays
important roles in epidermal homeostasis such as skin in-
flammation (266).

b. TAO family. The TAO kinase family consists of three
closely related kinases, TAO1 (also known as MARKK=
PSK2=KFC-B), TAO2 (also known as PSK1=KFC-C), and
TAO3 (also known as JIK=KFC-A), all of which also belong to
the Ste20-related kinase family (see below and Fig. 8). These
molecules have a common domain organization consisting of
a highly conserved kinase domain and a large coiled-coil
domain in the N- and C-terminal region, respectively. TAO1 is
a founder member of this family and has been characterized
as a selective activator of the MKK3-p38 axis (147, 413). Re-
cently, however, TAO1 has also been reported to activate the
JNK pathway; TAO1 is activated in response to apoptotic
stimuli and in turn induces the caspase-dependent cleavage of
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Rho kinase 1 as well as JNK activation, leading to apoptotic
morphological changes that include cell contraction, mem-
brane blebbing, and apoptotic body formation (423). Also, in a
physiological context, TAO1 appears to regulate cytoskeletal
dynamics through direct phosphorylation and thus activation
of microtubule affinity-regulating kinase, which regulates the
phosphorylation state of microtubule-associated proteins
(342).

TAO2 has the ability to activate both the JNK and p38
pathways, but appears to preferentially activate the p38
pathway, at least under certain physiological circumstances
(42, 413). In addition to physicochemical stressors, such as
osmotic stress, DNA damage, and microtubule-disrupting
agents, carbachol has been found to activate TAO2 through a
G protein-coupled receptor (43). Like TAO1, TAO2 also in-
duces apoptotic morphological changes through JNK activa-
tion. In response to apoptotic and microtubule-disrupting
agents, microtubule-associated TAO2 is activated by the
caspase-9-dependent cleavage of TAO2 itself and localizes to
the nucleus, leading to induction of apoptotic morphological
changes (423).

Unlike TAO1 and TAO2, TAO3 was originally identified as
a kinase that inhibited JNK activity (339). Later, however, it
was shown that, similar to TAO1 and TAO2, TAO3 had the
ability to preferentially activate the p38 pathway (413). TAO3
has also been identified as an antiapoptotic survival factor
by two independent unbiased RNAi-based screenings. One
was the search for modulators of apoptosis induced by TNF-
related apoptosis-inducing ligand (TRAIL) receptor, a widely
expressed member of the TNF superfamily. Knockdown of
TAO3 enhanced TRAIL-induced apoptosis, indicating that
TAO3 promotes survival by opposing TRAIL-induced apo-
ptosis (12). By another screening for signaling intermediates
regulating the antiapoptotic survival pathway in unstimu-
lated cells, TAO3 was one of the kinases required for main-
taining cell survival (222).

Recent comprehensive analysis of the three members of this
family has revealed that each member mediates the activation
of p38 in response to various genotoxic stimuli, such as ion-
izing radiation, UV radiation, and hydroxyurea (281). In this
response, TAO kinases appear to be activated by the DNA
damage checkpoint kinases ataxia telangiectasia mutated
(ATM) and ATM and Rad3-related (ATR) and to control the
DNA damage-induced G2=M checkpoint through p38 and its
downstream MK2. This finding indicates that all the TAO
family kinases function similarly as key intermediates in the
activation of p38 by DNA damage, although they may also
have distinct functions, as described above, under other
conditions. Taken together with accumulating evidence that
p38 is profoundly involved in tumorigenesis (see p38 MAPKs
and Crosstalk between the JNK and p38 pathways sections),
TAO kinases may function as the upstream regulators that
control such roles of p38.

c. MAP3Ks regulating the ERK pathway. Other MAP3Ks,
including A-Raf, B-Raf, C-Raf (Raf-1), Mos, and Tpl2, are
mainly involved in survival signaling. In response to a variety
of mitogens and growth factors, these MAP3Ks activate the
MEK1=2-ERK1=2 pathway, which induces cell survival and
proliferation. C-Raf and Tpl-2 also activate the NF-kB path-
way. Most mice deficient in the Raf family members display
increased apoptosis in various embryonic tissues (238, 384).
However, these MAP3Ks sometimes contribute to apoptosis
signaling pathways. Pharmacological depletion of C-Raf by
geldanamycin protects MCF-7 cells from apoptosis induced
by the antitumor compound taxol (20). The Raf-MEK1=2-
ERK1=2 pathway promotes the induction of apoptosis by
various DNA-damaging agents and anticancer drugs. More-
over, the constitutively activated C-Raf mutant promotes
apoptosis induced by c-Myc or p53 (30, 173). Considering that
the signaling components of the ERK pathway are critically
involved in human carcinogenesis, it is crucial to elucidate the

FIG. 8. Mammalian Ste20-
related kinases (MSTs). (A) The
MSTs consist of 28 Ser=Thr ki-
nases, which are divided into two
subfamilies, GCKs and PAKs. All
PAKs have the p21-binding do-
main (PBD) in their regulatory
domain through which PAKs in-
teract with Rho-family GTPases.
GCKs and PAKs are further di-
vided into 8 and 2 subgroups,
respectively, by sequence simi-
larity in their KDs. The numbers
of genes encoding kinases in each
subgroup are shown in paren-
theses. The kinases highlighted in
the text are shown in bold. (B)
Simplified domain structures of
GCKs and PAKs. GCK, germinal
center kinase; PAK, p21-activated
kinase.
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mechanism by which these MAP3Ks differentially contribute
to apoptosis and survival signaling pathways.

III. Ste20-Related Kinases

Sterile 20 protein (Ste20p) is a budding yeast Ser=Thr kinase
that regulates the MAPK pathway as a MAP3K kinase and
that is involved in mating signaling (66, 199). Its homologs
exist in mammals, Drosophila, C. elegans, and other organisms.
In mammals, 28 kinases have been identified as the Ste20p
homologs by sequence similarity in their kinase domains and
are designated as the Ste20-related kinases (72) (Fig. 8A).
These kinases are divided into two subfamilies, the germinal
center kinases (GCKs) family and the p21-activated kinases
(PAKs) family, based on the intramolecular location of the
kinase domain; GCKs and PAKs possess the kinase domain in
their N- and C-terminus, respectively (Fig. 8B). In this section,
we will focus on several members of these families that play
critical roles in the regulation of cell proliferation, cytoskeletal
remodeling, and apoptosis, all of which are believed to be
involved in tumor formation and tumor cell invasiveness
(190, 193, 211, 243).

A. Germinal center kinases

GCKs are further divided into eight groups (GCK-I–VIII)
by taking account of the structural similarities within and
outside the kinase domain (66). Here, we will first focus on the
mammalian Ste20-related kinases (MSTs), which are among
the most extensively examined GCKs: MST1 and MST2
comprise the GCK-II group, whereas MST3, MST4, and Ste20
oxidant stress response kinase 1 (SOK1)=YSK1 comprise the

GCK-III groups. In addition, we will also describe hemato-
poietic progenitor kinase 1 (HPK1) and Ste20-like kinase
(SLK), which are representative members of the GCK-I and
GCK-V groups, respectively. The members of the GCK-VIII
group, which are the three members of the TAO family, have
been characterized as MAP3Ks and were therefore described
above in the section on MAP3Ks (II-D-4).

1. Mammalian ste20-related kinases. Among the Ste20-
related kinases, MST1 has been the most extensively studied
as a component of apoptosis signaling (211). The first indi-
cation of the involvement of MST1 in apoptosis signaling
came from the observation that MST1 was activated by cas-
pase-mediated proteolytic cleavage during apoptosis in var-
ious cell types (108, 168, 200, 284) (Fig. 9). The cleavage site is
located between the N-terminal catalytic domain and the C-
terminal regulatory domain in MST1. The resulting fragment
containing the catalytic domain behaves as a constitutively
active kinase, because the regulatory domain includes an
autoinhibitory domain that intramolecularly inhibits catalytic
activity in the intact kinase (60). Further analysis has revealed
that MST1 has two cleavage sites targeted by distinct cas-
pases, probably in an ordered fashion. Importantly, full acti-
vation of MST1 during apoptosis appears to require not only
cleavage but also phosphorylation of MST1, suggesting that
the proapoptotic activity of MST1 is tightly regulated by
multiple mechanisms to prevent its aberrant activation (107).
Further, overexpression of either full-length MST1 or the N-
terminal catalytic domain, but not a kinase-negative mutant
of MST1, induces cell shrinkage and apoptotic chromatin
condensation through caspase activation, suggesting that

FIG. 9. Signaling pathways regulated by Ste20-related kinases in cell survival and apoptosis. Various Ste20-related
kinases are involved in the regulation of pro- and antiapoptotic signaling. MSTs, HPK1, and PAK2 are cleaved by caspase-3,
and the cleaved KDs (ellipse) of MSTs and PAK2 are translocated to the nucleus owing to the lack of regulatory domains
(square or hexagon). HPK1, hematopoietic progenitor kinase 1.
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MST1 is not only a target but also an activator of caspases
(108, 201, 351).

The JNK and p38 MAPK pathways are the physiologically
relevant downstream effectors of MST1 (108). Overexpression
of MST1 activates these pathways. However, expression of a
dominant-negative mutant of JNK, but not of p38, inhibits
MST1-induced apoptotic morphological changes and caspase
activation, suggesting that JNK mediates these apoptotic
events induced by MST1 (351). Consistent with this, MST1-
induced chromatin condensation during apoptosis is not in-
duced in embryonic stem cells deficient for both MKK4 and
MKK7, in which the JNK activation is abolished (352). Given
that expression of a dominant-negative mutant of MEKK1
suppressed MST1-induced JNK activation, MEKK1 appears
to be one of the MAP3Ks responsible for MST1-induced JNK
activation, although the precise mechanism is unknown (107).
Recently, MST1 and also MST2 have been shown to mediate
activation of the JNK pathway in response to the disruption of
the actin cytoskeleton, leading to cell cycle arrest through
JNK-dependent stabilization of the CDK inhibitor p21 (76).
MSTs thus appear to monitor and sense actin cytoskeletal
integrity.

Several lines of evidence indicate that the cleavage of MST1
results not only in its activation but also in the translocation of
the activated catalytic domain to the nucleus. The C-terminal
regulatory domain of MST1 contains two functional nuclear
export signals (NES) by which full-length MST1 is excluded
from the nucleus and localized to the cytoplasm. In response
to proapoptotic stimuli, the cleaved catalytic domain is lib-
erated from regulation by the NES and thus translocates to the
nucleus (201, 350). In fact, forced nuclear translocation of
MST1 by mutation of its NES induces chromatin condensa-
tion, whereas inhibition of nuclear translocation of MST1 by
mutation of its cleavage sites reduces its ability to induce
chromatin condensation (350). These findings strongly sug-
gest that nuclear translocation of MST1 is important for the
chromatin condensation in apoptosis.

One possible mechanism by which nuclear-translocated
MST1 may trigger chromatin condensation is the phosphor-
ylation of histone H2B (H2B). MST1 directly phosphorylates
H2B at Ser14, and this action is dependent on the cleavage
of MST1 by caspase-3 and correlates well with the apoptotic
chromatin condensation (44). Recently, H2B phosphoryla-
tion by MST1 has been demonstrated to immobilize RCC1, a
guanine nucleotide exchanger factor for Ran, on the chro-
mosomes and reduce nuclear RanGTP levels, leading to
suppression of transport of nuclear localization signal-
containing proteins, such as the survival factor NF-kB (385).
On the other hand, H2B phosphorylation in response to
proapoptotic stimuli is also mediated by protein kinase C
(PKC)d, rather than MST1 (137). Thus, H2B phosphorylation
may be redundantly regulated by PKCd or other MST mem-
bers, such as MST2, depending on the cellular context. Con-
sistent with this idea, caspase-catalyzed cleavage and
activation of MST1 correlate with eosinophil apoptosis, but
not with neutrophil apoptosis, suggesting the cell type-
specific role of MST1 (68).

Another important signaling intermediate that transduces
MST1-induced proapoptotic signals is FOXO3. MST1 phos-
phorylates FOXO3 and disrupts its interaction with 14-3-3
proteins, allowing the translocation of FOXO3 to the nucleus,
where it induces a number of proapoptotic genes (139, 205). In

this context, MST1 counteracts the survival-promoting kinase
Akt, which phosphorylates FOXO3 and promotes its inter-
action with 14-3-3 proteins, sequestering FOXO3 in the cyto-
sol. Therefore, it has been proposed that FOXO3 is negatively
and positively regulated through phosphorylation by Akt and
MST1, respectively (139). This signaling appears to be an
evolutionarily conserved system; knockdown of C. elegans
MST1 ortholog CST-1 in nematodes shortens life span and
accelerates tissue aging, whereas overexpression of CST-1
promotes life span and delays aging in a manner dependent
on the C. elegans FOXO ortholog DAF-16 (205). This finding
suggests that MST1 plays important roles in the control of
longevity beyond those in apoptosis regulation. Intriguingly,
MST1 and Akt also directly regulate each other in a negative
feedback manner; Akt directly phosphorylates MST1 at
Thr387 to prevent its cleavage by caspases, whereas MST1
binds to and inhibits Akt (51, 161).

MST1 not only induces apoptosis, but also negatively
regulates hypertrophy of cardiac myocytes (264, 401). A
serine=threonine kinase LATS2, a member of the lats tumor
suppressor family, has recently been found to play a critical
role in this regulation (230). The role of LATS2 downstream
of MST1 has been proposed from genetic evidence in Dro-
sophila. Warts (Wts), the Drosophila ortholog of LATS2, is
phosphorylated by hippo (Hpo), the Drosophila ortholog of
mammalian MST1 and MST2, in the ternary complex of Wts,
Hpo, and a scaffold protein Salvador (Sav) (121). LATS2, but
not LATS1, another member of the lats family, mediates the
functions of MST1 in cardiac myocytes, such as induction of
apoptosis and inhibition of hypertrophy, suggesting the
pathophysiological roles of the MST1-LATS2 pathway in
heart failure.

The molecular structure, activation mechanism, and pro-
apoptotic function of MST2 are similar to those of MST1. In
fact, MST2 also regulates Akt and FOXO3 in a manner similar
to MST1 (51, 205). Activation of MST2 during apoptosis is
dually regulated by caspase-catalyzed cleavage and phos-
phorylation (73, 200). Raf-1 is an important regulator of MST2;
Raf-1 prevents dimerization and activating phosphorylation
of MST2, and the dissociation of Raf-1 from MST2 is proposed
to be one mechanism for MST2 activation (263). Concerning
the regulation of LATS1 and LATS2, MST2 has been proposed
to phosphorylate these substrates more effectively than MST1
(34). Therefore, the tumor suppressive roles through the
mammalian counterpart of the Drosophila Hpo-Sav-Wts
pathway are regarded to be the unique and important func-
tion of MST2. In Drosophila, Hpo phosphorylates and activates
Wts, which in turn negatively regulates the transcription of
cell cycle and cell-death regulators, thereby playing an im-
portant role in regulating the organ size (301). Recently,
Yorkie (Yki), the Drosophila ortholog of the mammalian tran-
scriptional coactivator yes-associated protein 1 (YAP1), has
been identified as a responsible transcription factor func-
tioning downstream of Wts (140, 301). In analogy to this,
YAP1 is a downstream effector of the MST2-LATS1 axis in
mammals as well. Although YAP1 is sequestered in the cy-
toplasm in unstimulated cells, it translocates into the nucleus
upon being phosphorylated by LATS, which is activated by
RASSF1A, a tumor suppressor gene. In the nucleus, YAP1
associates with p73 and exerts tumor suppressive activity
through induction of the proapoptotic target genes, such as
Puma (229). On the contrary, phosphorylation of YAP1 by
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LATS, which is regulated in a manner dependent on cell
density, also leads to cytoplasmic translocation and inacti-
vation of YAP1 (418). In the latter case, however, YAP1 ap-
pears to rather promote cell growth, suggesting that, in either
case, the MST2-LATS axis consistently acts in tumor sup-
pression. Thus, the precise mechanisms by which MST2 exerts
its tumor suppressive roles, particularly those in various cel-
lular contexts, remain to be elucidated.

Physiological relevance of MST1 and MST2 in tumor sup-
pression has recently been shown using mice with combined
deletion of the MST1 and MST2 genes. MST1�=�mice and
MST2�=�mice are viable and fertile; however, MST1�=�mice,
but not MST2�=�mice, has a reduced number of mature naive
T cells (172, 420). Although MST1�=�MST2�=�mice were
embryonic lethal, MST1þ=�MST2�=�mice and MST1�=�

MST2þ=�mice survived but harbored highly aggressive
HCCs (265, 419). Importantly, the MST1 allele and MST2 al-
lele were found to be lost in HCCs of MST1þ=�MST2�=�mice
and MST1�=�MST2þ=�mice, respectively. This susceptibility
of HCCs was also observed in mice with liver-specific deletion
of the MST2 gene on an MST1 null background (419). These
findings strongly suggest the roles of MST1 and MST2 in tu-
mor suppression in vivo.

Similar to MST1 and MST2, MST3 is also cleaved by cas-
pase activity, and thus activated and shuttled to the nucleus in
response to several proapoptotic stimuli (138, 203). Although
proapoptotic activity of MST3 has been observed, such as in
the context of oxidative stress-induced apoptosis (388), the
molecular mechanisms by which MST3 induces apoptosis are
still unclear. Considering that MST3 does not activate the JNK
and p38 pathways (305), MST3-induced apoptosis appears to
be regulated by mechanisms different from those for MST1
and MST2. On the other hand, MST3 phosphorylates and
inhibits the protein tyrosine phosphatase proline-, glutamine-,
serine-, and threonine-rich sequence (PTP-PEST), inhibiting
cell migration through regulation of phosphorylation levels of
Paxillin, a focal adhesion adaptor protein (218). Since PTP-
PEST is directly regulated by caspase-3 and sensitizes cells to
TNF-a- and Fas-induced apoptosis, PTP-PEST may also
function as the effector of MST3-mediated apoptosis (113).

Similar to MST3, neither MST4 nor SOK1=YSK1 activates
the JNK and p38 MAPK pathways, indicating that the GCK-
III members share common functional features (65, 276). The
roles of MST4 and SOK1 in apoptosis regulation are not fully
understood, except that overexpression of MST4 induces ap-
optosis (66) and the caspase-dependent cleavage and nuclear
translocation of SOK1 induce apoptosis after chemical anoxia
(262).

2. HPK1 and SLK. HPK1 is predominantly expressed in
hematopoietic cells and organs such as the bone marrow,
spleen, lymph node, placenta, and thymus. HPK1 activates
the JNK pathway through a MAP3K MEKK1 (136), and sim-
ilar to some of the MSTs, HPK1 is cleaved and activated by
proapoptotic stimuli and induces apoptosis, at least in part,
through the JNK pathway (41, 307) (Fig. 9). A unique func-
tional feature of HPK1 among Ste20-related kinases is its
ability to regulate the NF-kB pathway. Whereas the full-
length HPK1 activates the NF-kB pathway, the cleaved
C-terminal regulatory region of HPK1 suppresses it by regu-
lating degradation of IkB inhibitory proteins, suggesting that,
upon the cleavage of HPK1 during apoptosis, the role of

HPK1 is converted from an activator to an inhibitor of NF-kB
(10, 307). Recently, it has been reported that HPK1 cleavage by
caspases is involved in the elimination of autoreactive T- and
B-lymphocytes, the so-called activation-induced cell death,
through the C-terminal region-induced inhibition of the NF-
kB pathway (27). Moreover, the cleaved HPK1 also mediates
myeloid cell survival during monocytic differentiation,
through, in this case, the N-terminal catalytic domain-induced
sustained activation of the JNK pathway (9).

SLK is a ubiquitously expressed kinase that has the ability
to induce apoptosis and activate the JNK pathway (118, 293).
Similar to HPK1, SLK is activated through its cleavage by
caspase-3 in response to proapoptotic stimuli, and both the
resulting N-terminal and C-terminal regions have distinct
roles. Whereas the N-terminal region functions as an active
kinase after the induction of apoptosis, the C-terminal region
regulates actin fiber disassembly (294). SLK is also directly
phosphorylated and inhibited by casein kinase II in v-Src-
transformed cells, providing indirect evidence that SLK may
have tumor suppressive activity and be inactivated upon
cellular transformation (33). However, the physiological role
of phosphorylation of SLK by casein kinase II in normal cells
remains to be elucidated. These unique cleavage-induced
functions of HPK1 and SLK, together with those of MSTs,
suggest that functions of GCKs regulated by caspase-dependent
cleavage are widely involved in various cell fate determinations.

B. p21-activated kinases

PAKs constitute another branch from that of GCKs in MSTs
(Fig. 8A) and play roles in various physiological processes,
including actin cytoskeletal dynamics and apoptosis (243).
PAKs are well known to function as downstream nodes for
various oncogenic signaling pathways and recently have re-
ceived much attention as potential pharmacological targets
for cancer therapeutics (190). There are six mammalian PAKs
(PAK1-6), which are divided into two subgroups, called PAK-
I (PAK1-3) and PAK-II (PAK4-6), based on structural simi-
larities within and outside the kinase domain (66, 72). All
PAKs have a highly conserved C-terminal Ser=Thr kinase
domain and the ability to bind to the activated forms of
Rho-family GTPases, Cdc42 and Rac, through the N-terminal
p21-binding domain (PBD) (Fig. 8B). However, only PAK-I
subfamily members are indeed activated by the interaction
with Cdc42 and Rac, indicating that, in spite of the archi-
tectural similarity between the two PAK subfamilies, their
mode of regulation and cellular functions are likely different
(6, 377).

1. p21-activated kinase-I. Under unstimulated condi-
tions, the PAK-I members form inactive homodimers, in
which the active sites of the kinase domain are blocked by
an N-terminal regulatory domain. The active GTP-bound
forms of Cdc42 and Rac bind to PBD and release the kinase
domain from the autoinhibition, thereby allowing autopho-
sphorylation of the kinase domain (275).

PAK1, the best-characterized member of PAKs, is critically
involved in tumorigenesis and tumor progression (190).
PAK1 expression is widely upregulated in human breast
cancers and correlates with breast cancer invasiveness (13).
Accumulating evidence also indicates that PAK1 expression
and activity are upregulated in several other human cancers,
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such as colon cancer, ovarian cancer, neurofibromatosis, and
T cell lymphoma (190). The oncogenic activity of PAK1 ap-
pears to be mediated through various downstream effectors.
One set of substrates of PAK1 is involved in the cytoskeletal
regulation. PAK1 regulates actin reorganization through
several substrates, including LIM kinase (83), p41-ARC (355),
and filamin (354). PAK1-dependent cytoskeletal changes are
thought to be required for cell motility and invasion by cancer
cells. Another set of substrates is involved in metabolic reg-
ulation, alterations of which enable tumor cells to survive
under adverse conditions. PAK1 plays a pivotal role in the
control of the cellular redox state and metabolic phenotype
through phosphorylation-dependent regulation of the p47phox

subunit of NADPH oxidase, phosphoglycerate mutase, and
phosphoglucomutase (112, 185, 310).

Several lines of evidence also suggest that PAK1 facilitates
tumor formation and progression by counteracting the proa-
poptotic pathways. In response to a cell survival signal, such
as IL-3 for lymphoid progenitor cells, PAK1 is activated and in
turn directly phosphorylates the proapoptotic Bcl-2 family
member Bad, which reduces the binding of Bad to Bcl-2 or Bcl-
xL and thereby promotes cell survival due to the predominant
antiapoptotic effects of Bcl-2 and Bcl-xL (308) (Fig. 9). PAK1
also interacts with and phosphorylate dynein light chain 1
(DLC1), a component of the dynein motor complex. DLC1
exerts antiapoptotic activity by preventing the proapoptotic
Bcl-2 family member BimL from binding to Bcl-2 and blocking
its survival activity. PAK1 phosphorylates both DLC1 and
BimL and further suppresses the inhibitory activity of BimL
toward Bcl-2, promoting cell survival (353). Although the
precise mechanism is not understood, PAK1 is activated by
the critical survival factor Akt through a GTPase-independent
mechanism (338). Moreover, PAK1 is a crucial signaling
molecule in the induction of NF-kB activation for cell survival
in several contexts, further supporting the survival-promoting
role of PAK1 (93).

Unlike other PAKs, PAK2 has both proapoptotic and an-
tiapoptotic functions, consistent with the fact that PAK2 is
dually regulated by caspase-mediated intramolecular cleav-
age as well as by binding to GTPases (288). Similar to PAK1,
activation of full-length PAK2 by Cdc42 and Rac GTPases
promotes cell survival under stress conditions, mainly
through the induction of Bad phosphorylation (see above)
(158). On the other hand, the cleavage site in PAK2 is located
between the N-terminal regulatory domain and the C-terminal
catalytic domain, and the proteolytically cleaved catalytic
domain acts as a constitutively active kinase and induces JNK
activation and apoptosis (202, 288, 359). This functional dif-
ference between the activated full-length form and the
cleaved form of PAK2 can be explained, at least in part, by
their distinct subcellular targeting. Full-length PAK2 is lo-
calized in the cytoplasm, whereas cleaved PAK2 translocates
to the nucleus because of the loss of NES in the regulatory
domain (202). Although the direct substrates of cleaved PAK2
in the nucleus remain to be identified, cleaved PAK2 may
phosphorylate key targets involved in the morphological
changes during apoptosis. For example, H2B, known as a
substrate of MST1 as described above, is one of the candidates
because overexpression of cleaved PAK2, but not of full-
length PAK2, resulted in chromatin condensation (202). An-
other plausible explanation for the functional difference
between the full-length and cleaved forms of PAK2 is the

difference in protein stability; protein degradation of cleaved
PAK2 was much faster than that of full-length PAK2 (157).
Taken together, these results indicate that caspase activation
coverts the antiapoptotic function of PAK2 into the proa-
poptosis function, and it would be interesting to clarify how
this switching system of PAK2 functions under pathophysi-
ological conditions.

2. p21-activated kinase-II. Although all the PAK-II
members, PAK4, PAK5, and PAK6, have an N-terminal PBD
and a C-terminal kinase domain, the degree of structural
similarity of the PAK-II members is much less than that of the
PAK-I members (6). In contrast to the PAK-I members, acti-
vated Cdc42 had little effect on activation of the PAK-II
members, and the members of PAK-I, but not of PAK-II,
complemented the function of Ste20p in the yeast mating-
response pathway, suggesting the functional difference be-
tween the PAK-I and PAK-II members (57). Although less is
known about the regulatory mechanisms and functions of
PAK-II compared to PAK-I, the PAK-II family members have
recently received much attention as regulators of anti-
apoptotic and proliferative responses in the context of tu-
morigenesis and tumor progression (89, 243, 377).

While PAK4, similar to PAK1 and PAK2, suppresses apo-
ptosis by regulating Bad phosphorylation (101), PAK4 an-
tagonizes TNF-a-induced apoptosis via a mechanism that is
independent of Bad phosphorylation. TNF-a exerts both pro-
and antiapoptotic activity, and these activities are mediated
by distinct signaling complexes: upon TNF-a stimulation, the
signaling complex, the so-called complex I, comprised of
TNFR1, the TNFR-associated death domain (TRADD), re-
ceptor interacting kinase 1 (RIP1) and TRAF2 or TRAF5, is
formed and predominantly mediates the survival signal
through the NF-kB pathway. After receptor internalization,
another complex, the so-called complex II, comprised of
TRADD, the Fas-associated death domain (FADD), RIP1, and
caspase-8, is formed and mediates the proapoptotic signal
(381). PAK4, irrespective of its kinase activity, suppresses
TNF-a-induced activation of caspase-8 and caspase-3, prob-
ably by inhibiting the recruitment of caspase-8 to complex II
(100). On the other hand, PAK4 mediates the survival signal
by facilitating recruitment of TRADD to complex I (209).
These findings indicate that PAK4 enhances the prosurvival
effect of TNF-a signaling by preventing and promoting the
pro- and antiapoptotic activity of TNF-a, respectively, and
suggest PAK4 has tumor promoting activity. Consistent with
this idea, it has recently been reported that expression of PAK4
is upregulated in a variety of human tumors (39, 182, 271).

PAK5 is predominantly expressed in the brain and consti-
tutively localizes to the mitochondria independently of its
kinase activity and binding to GTPases (57, 64). This unique
localization to the mitochondria, together with the kinase
activity, appears to be required for the antiapoptotic activity
of PAK5 through phosphorylation of Bad (56, 57). In addition
to this direct regulation of Bad by PAK5, PAK5 has recently
been shown to activate and target Raf-1 to the mitochondria,
where Raf-1 may phosphorylate Bad and thereby promote cell
survival (97, 389). Thus, mitochondria-localized PAK5 ap-
pears to prevent apoptosis through both direct and indirect
regulation of Bad phosphorylation, and these activities may
suggest that PAK5 plays a specific role in the regulation of
neuronal apoptosis.
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IV. Death-Associated Protein Kinase Family

Death-associated protein kinase (DAPK)=DAPK1 is a
ubiquitously expressed proapoptotic serine=threonine ki-
nase that was first indentified by an elegant antisense-based
genetic screening for molecules that were required for in-
terferon (IFN)-g-induced cell death (71). DAPK is the found-
ing member of a family of related kinases that includes
DAPK2=DAPK-related protein-1, DAPK3=zipper-interacting
protein kinase (ZIPK), DAPK-related apoptosis-inducing
protein kinase (DRAK)-1=STK17A, and DRAK-2=STK17B,
although the molecular size and structure outside the kinase
domain differ among these members (16) (Fig. 10). Whereas
DAPK, DAPK2, and DAPK3 are closely related to each other,
DRAK-1 and �2 are more distantly related to the other three
kinases. With regard to the primary structure of the kinase
domain, this family is most closely related to myosin light
chain kinase, which is one of the Ca2þ=calmodulin (CaM)-
regulating kinases. In this section, we focus on DAPK,
DAPK2, and DAPK3 as the well-characterized members of
this family.

DAPK possesses multiple domains in addition to the kinase
domain, including a CaM regulatory domain, eight ankyrin
repeats, two putative nucleotide-binding domains (P-loops), a
cytoskeletal binding domain, and a death domain (DD) (Fig.
10). The CaM regulatory domain suppresses catalytic activity
by binding to mask the catalytic center of the kinase domain
(52). Upon binding to CaM, the CaM regulatory domain dis-
sociates from the kinase domain, triggering catalytic activity.
Another unique activation mechanism of DAPK is regulated
by phosphorylation states of Ser308 within the CaM regula-
tory domain (317). Autophosphorylation of Ser308 reduces
the affinity of this CaM regulatory domain to CaM, which
strengthens the interaction of this domain with the kinase
domain and thus inhibits catalytic activity. Conversely, de-
phosphorylation of Ser308 increases the affinity of the CaM
regulatory domain to CaM and thus promotes catalytic ac-
tivity even at low CaM levels, suggesting that DAPK is not a
kinase whose activation totally depends on the CaM level.
Recently, Ser735, Tyr491, and Tyr492 have been shown to be

additional phosphorylation sites required for regulation of
the catalytic activity of DAPK. ERK phosphorylates Ser735,
leading to upregulation of the catalytic activity of DAPK as
well as its proapoptotic activity (37). Src tyrosine kinase and
leukocyte common antigen-related tyrosine phosphatase re-
spectively phosphorylate and dephosphorylate Tyr491=492,
phosphorylation of which inhibits catalytic as well as pro-
apoptotic activity of DAPK (366). ERK-dependent Ser735
phosphorylation and Src-dependent Tyr491=492 phosphory-
lation of DAPK can commonly occur in response to growth-
promoting stimuli such as by EGF but exert opposite effects
on catalytic and proapoptotic activity of DAPK. However,
it remains elusive whether and how these mechanisms are
alternatively regulated.

DAPK2 also possesses the CaM regulatory domain and is
regulated in a manner highly homologous to that of DAPK
(312). Unlike DAPK and DAPK2, DAPK3 does not possess the
CaM regulatory domain, suggesting that its catalytic activity
is regulated independently from CaM levels. Instead, the
catalytic activity of DAPK3 appears to be regulated by
phosphorylation of Thr180, Thr225, and Thr265, among
which Thr180 is located in the activation loop in the kinase
domain that is generally an important structure for the reg-
ulation of kinase activity (109).

A large body of evidence has revealed that DAPK has the
ability to induce cell death in a manner dependent on its ki-
nase activity. DAPK is involved in cell death induced by TNF-
a, Fas, IFN-g, TGF-b, ceramide, and various mitochondrial
toxins (53, 160, 272, 311). UNC5H2, a DD-containing receptor
for a diffusible laminin-related protein netrin-1, interacts with
and activates DAPK by reducing the autophosphorylation of
Ser308, whereas netrin-1 suppresses UNC5H2-dependent
activation of DAPK (215). Moreover, upon oncogenic trans-
formation by overexpression of oncogenes such as c-myc and
E2F, DAPK is upregulated and in turn induces p19ARF=p53-
dependent apoptosis (282). Importantly, some of these lines of
evidence have been established using DAPK�=�cells, in which
stimulation-induced death is attenuated (215, 272, 282).
Consistent with the findings from these in vitro studies, retinal
ganglion cells in DAPK�=�mice injected with glutamate are

FIG. 10. DAPK family kinases.
Members of the mammalian DAPK
family, DAPK (DAPK1), DAPK2 (DRP-
1), DAPK3 (ZIPK), DRAK-1=STK17A,
and DRAK-2=STK17B, and the Cae-
norhabditis elegans ortholog of DAPK
(CeDAPK-1) are shown. Although their
kinase structures are similar to each
other, molecular size and structure
outside the KD differ among the mem-
bers. Whether CeDAPK-1 possesses
CaM regulatory domains and cytoskel-
etal binding domains has not been
specified. The black triangles indicate P-
loops. The numbers indicate amino acid
length. ANK, ankyrin repeats; CaM,
Ca2þ=calmodulin regulatory domain;
CBD, cytoskeletal binding domain;
DAPK, death-associated protein kinase;
DD, death domain; DRAK, DAPK-re-
lated apoptosis-inducing protein kinase;
DRP-1, DAPK-related protein-1.
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more resistant than those in identically treated WT mice (306).
DAPK also plays a major role in cellular responses to oxida-
tive stress. DAPK physically interacts with and activates
protein kinase D (PKD; see PKDs section) in response to oxi-
dative stress, and activated PKD in turn induces activation of
the JNK pathway. Further, DAPK is required for oxidative
stress-induced necrotic cell death as well as JNK activation
(85). DAPK2 and DAPK3 also show death-inducing activity in
various cellular settings (149, 150, 174). Although DAPK3
localizes to the nucleus (174, 187), the death-inducing activity
of DAPK3 appears to depend on its cytoplasmic distribution,
which is regulated by DAPK-induced phosphorylation of
multiple sites within the extracatalytic C-terminal domain of
DAPK3 (313).

While these three members of the DAPK family induce
caspase-dependent apoptotic cell death (53, 150, 160, 174, 187,
282), they also induce autophagic cell death, an alternate type
of death, called Type II cell death, which does not depend on
caspase activation (149, 313). Although autophagy is a cellular
process for degradation of proteins and organelles and pri-
marily plays a protective role for cells, it can also be involved
in cell death (242). The mechanisms by which DAPKs induce
autophagy are not fully understood, but DAPK-dependent
phosphorylation of beclin-1, an essential component for au-
tophagy, and phosphorylation of MAP1B, which interacts
with another essential autophagy protein Atg8 (LC3), appear
to be crucial events (120, 414). Recently, it has been shown that
not only caspase-3-dependent apoptosis, but also DAPK-de-
pendent autophagic cell death plays an important role in re-
sponse to ER stress (106). DAPK�=�mice are protected from
kidney damage caused by injection of the ER stress inducer
tunicamycin. Consistent with this, tunicamycin-induced cell
death is attenuated in DAPK�=�MEFs, in which the caspase
activation and autophagy induction that precede cell death
are also attenuated. The roles of DAPK in autophagy are
further supported by the finding that DAPK-1, the C. elegans
ortholog of DAPK, regulates the extent of starvation-induced
autophagy in C. elegans (170).

One of the human diseases in which DAPKs play a key
role is cancer. In addition to promoting tumor suppression
via its proapoptotic activity, DAPK also contributes to tumor
suppression by blocking the integrin-mediated polarity
pathway and thereby helping to inhibit cell motility (191).
The frequent reduction in DAPK expression through hy-
permethylation of the DAPK promoter, which correlates
well with the recurrence and=or metastasis incidence of
several cancers, is another evidence suggesting the tumor
suppressive role of DAPK (237). The requirement of DAPKs
for cytokine-induced cell death also suggests the possible
roles of DAPKs in inflammatory disorders. DAPK has also
recently been shown to play a novel role independent of its
role in cell death; a signaling cascade composed of DAPK
and DAPK3 participated in the translational control of in-
flammatory gene expression by modulating the IFN-g-acti-
vated inhibitor of translation complex. Finally, in support of
the idea that DAPKs are important for immune responses,
DAPK-1 has been shown to negatively regulate the innate
immune responses to epidermal damage in C. elegans (344).
These findings strongly suggest that DAPKs regulate a wide
variety of cellular events beyond induction of cell death,
probably via mechanisms that are dependent on their kinase
activity and=or cellular context.

V. RIP Family

In addition to apoptosis, necrosis is another important form
of programmed cell death (103). Although necrosis has long
been considered to be uncontrolled and accidentally evoked,
recent evidence indicates that it is tightly regulated through
specific intracellular signaling pathways. In this regard, the
term programmed necrosis or necroptosis has been used. The
RIP1=RIP=RIPK1 and RIP3 are emerging key regulators of
necrosis (356). These kinases, together with RIP2 (also known
as CARDIAK=RICK) and RIP4 (also known as DIK=PKK),
comprise a family of related serine=threonine kinases (Fig. 11).
They share significant homology in their N-terminal kinase
domains, but their C-termini differ from each other. RIP1,
RIP2, and RIP4 possess a DD, a caspase recruitment domain
and ankyrin repeats, respectively, in their C-termini. Ad-
ditionally, the RIP homotypic interaction motif, which is re-
quired for the interaction between RIP1 and RIP3, exists in the
intermediate region between the kinase domain and DD of
RIP1 and in the C-terminal region of RIP3 (327). In-
tramolecular cleavage by caspases has been shown to inacti-
vate RIP1, RIP3, and RIP4 (91, 210, 236). In this section, we will
not focus on RIP2 and RIP4 because little has been reported
about their active involvement in cell death induction; nev-
ertheless, they have been characterized as critical regulators of
the NF-kB pathway (122, 236).

RIP1, through its DD domain, binds to death receptors,
such as TNFR1, Fas, TRAIL1, and TRAIL2, as well as DD-
containing adaptor proteins that are required for caspase-8
activation and apoptosis, such as TRADD and FADD (356).
Involvement of RIP1 in the regulation of cell survival and
death has been suggested by the finding that RIP1�=� cul-
tured cells are highly sensitive to TNF-induced cell death,
which is accounted for by a failure to activate the survival
signaling through NF-kB (175). The ubiquitination state of
RIP1 has been proposed to determine whether it functions as a
signaling intermediate for cell survival or death. Upon acti-
vation of TNFR1, RIP1 is recruited to a membrane-associated
complex, the so-called complex I, composed of TNFR1,

FIG. 11. RIP family kinases. RIP1 (RIP=RIPK1), RIP2
(CARDIAK=RICK), RIP3, and RIP4 (DIK=PKK) comprise a
family of related serine=threonine kinases. They share sig-
nificant homology in their N-terminal KDs, but their C-
termini differ from each other. The black triangles indicate
intramolecular cleavage sites by caspases. The numbers in-
dicate amino acid length. CARD, caspase recruitment do-
main; RHIM, RIP homotypic interaction motif; RIP, receptor
interacting kinase.
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TRADD, TRAF2, or TRAF5, and the inhibitor of apoptosis
proteins cIAP1 and cIAP2, where cIAP1 and cIAP2 form
polyubiquitin chains linked through lysine 63 (K63) of ubi-
quitin on RIP1 (224, 357) (Fig. 12). The resulting poly-
ubiquitinated form of RIP1 mediates prosurvival signals
through activation of NF-kB and JNK and p38 MAPKs.

On the other hand, when K63-polyubiquitination of RIP1 is
removed by the deubiquitinating enzymes CYLD and A20,
which are upregulated by NF-kB in a negative feedback
manner, RIP1 loses its ability to activate NF-kB and is in-
cluded in the secondary cytosolic complex, the so-called
complex II, formed after receptor internalization (381). In one
type of the complex II that is formed in a manner dependent
on TRADD, caspase-8 is activated and induces apoptosis,
concomitant with cleavage of RIP1. Another type of complex
II is formed independently of TRADD in the presence of Smac
mimetics that facilitate proteasomal degradation of cIAPs and
thus promotes the accumulation of unubiquitinated RIP1. In
the latter complex, caspase-8 is activated in a RIP1 kinase-
dependent manner and induces apoptosis (364).

When apoptosis is suppressed by the experimental treat-
ment of cells with pan-caspase inhibitors or by pathophysio-
logical conditions such as viral infection, necrosis is
alternatively induced, and RIP1 and RIP3 play crucial roles in
this induction (46, 70, 125, 131, 415). In this setting, RIP1 and
RIP3 form a so-called necrosome complex containing FADD
and caspase-8 together with or without TRADD. Direct or
indirect (through an unknown kinase) phosphorylation be-
tween RIP1 and RIP3 appears to consolidate this complex and
activate necrotic signaling (46, 125). In the search for necrosis-

inducing factors that function downstream of RIP3, three
metabolic enzymes—glycogen phosphorylase (PYGL),
glutamate-ammonia ligase (GLUL), and glutamate dehydro-
genase 1 (GLUD1)—have been identified as proteins that
interact with RIP3 (415). PYGL catalyzes the rate-limiting
step in the degradation of glycogen by releasing glucose-1-
phosphate, thereby having a key role in using reserved gly-
cogen as an energy source. GLUL and GLUD1 are essential for
the use of amino acid glutamate or glutamine as substrates for
ATP production in oxidative phosphorylation. RIP3 phos-
phorylates and activates these enzymes and thereby increases
energy metabolism, facilitating TNF-induced necrosis, at least
in part, through ROS production (415). Therefore, RIP3 ap-
pears to mediate TNF-induced necrosis through increasing
energy metabolism-associated ROS production, in spite of
increased overall ATP synthesis, which is generally regarded
to support cell survival.

Based on the above-described critical roles of RIP1 and
RIP3 in necrosis induction, their pathophysiological roles
have been further investigated using RIP3�=� mice (46, 125,
415). Cerulein-induced pancreatitis is a well-established
model of necrosis-associated diseases. Whereas many WT
mice administered with cerulein exhibited multiple areas of
pancreas acinar cell loss and necrosis, all RIP3�=�littermates
exhibited a much milder phenotype, suggesting that RIP3-
dependent necrotic signaling exerts an adverse effect, at least
on this disease model (125, 415). As another pathophysio-
logical model, the vaccinia virus (VV), which encodes the viral
caspase inhibitor B13R=Spi2, has been used (46). When T cells
from RIP3�=�mice were infected with VV, they exhibited

FIG. 12. Regulation of apo-
ptosis and necrosis by RIP1
and RIP3. Upon activation
of TNFR1, RIP1 is recruited
to the membrane-associated
complex I, in which cIAP1
and cIAP2 form polyubiquitin
chains linked through K63 of
ubiquitin (indicated as U) on
RIP1. The resulting poly-
ubiquitinated form of RIP1
induces activation of NF-kB,
JNKs, and p38 MAPKs. When
the polyubiquitin chain of
RIP1 is removed by the deu-
biquitinating enzymes CYLD
and A20, which are upregu-
lated by NF-kB in a negative
feedback manner, RIP1 loses
its ability to activate NF-kB
and is included in the second-
ary cytosolic complex II, formed
in a TRADD-dependent man-
ner. In this TRADD-dependent
complex II, caspase-8 is acti-
vated and induces apoptosis,
concomitant with cleavage of RIP1 and RIP3. When caspase-8 is inactivated, on the other hand, RIP1 and RIP3 stabilize and
form a so-called necrosome complex containing FADD and probably TRADD, activating necrotic signaling. In the presence of
Smac mimetics, another type of complex II is formed independently of TRADD, and caspase-8 is activated in a RIP1 kinase-
dependent manner and induces apoptosis. In addition, when caspase-8 is inactivated in the presence of Smac mimetics, RIP1
and RIP3 play a key role in necrosis induction. FADD, Fas-associated death domain; NF-kB, nuclear factor-kappa B; TNFR1,
TNF receptor 1; TRADD, TNFR-associated death domain.
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reduced activation-induced cell death, indicating that RIP3
indeed functions as a necrosis inducer in this infection model.
When WT mice were infected with VV, RIP3�=�mice were
much more vulnerable to VV infection than WT mice. Im-
portantly, in RIP3�=�mice, necrotic injury and virus-induced
inflammation were impaired, whereas virus titers were dra-
matically increased, compared with those in WT mice. These
findings strongly suggest that RIP3 and probably RIP1 criti-
cally regulate innate immune responses by promoting ne-
crotic cell death, which triggers the release of intracellular
danger-associated molecular patterns. Taken together with
the fact that necrotic cell death occurs in a broad range of other
pathogenic conditions, such as ischemia reperfusion damage
during cardiac infarction, stroke, traumatic brain injury, and
organ transplantation, the development of inhibitors of the
RIP family kinases, as exemplified by the necrostatin RIP1
inhibitors, will be of importance for preventing and treating
various human diseases (70, 356).

VI. Other Miscellaneous But Important Kinases

A. Homeodomain-interacting protein kinase 2

The serine=threonine kinase homeodomain-interacting
protein kinase 2 (HIPK2) is a member of the HIPK family,
which is comprised of four closely related kinases, and pre-
dominantly localizes in a nuclear compartment called nuclear
bodies (NBs) (319). Although HIPK2 was originally identified
as a transcriptional regulator and corepressor for home-
odomain transcription factors, accumulating evidence has
suggested that it is a crucial regulator of apoptosis, particu-
larly in response to a variety of DNA damage-inducing
stimuli.

In response to severe, nonrepairable DNA damage, HIPK2
colocalizes and interacts with the tumor suppressor p53 in
promyelocytic leukemia NBs, where HIPK2 phosphorylates
p53 at Ser46 (Fig. 13). Phosphorylation of this residue facili-
tates acetylation of p53 at Lys382, which is mediated by the
CREB-binding protein that is also colocalized in promyelo-
cytic leukemia-NBs, and thus promotes apoptosis through the
expression of p53 target genes such as Puma, Bax, Noxa, and
p53AIP1 (63, 132). HIPK2 also exerts its proapoptotic activity
in the absence of p53. HIPK2 phosphorylates Ser422 of the C-
terminal binding protein (CtBP), a transcriptional corepressor
that exerts antiapoptotic activity through the repression of
several proapoptotic genes, and induces the proteasomal
degradation of CtBP, subsequently promoting apoptosis even
in p53-deficient cells (417). In addition, HIPK2 induces acti-
vation of JNK, and JNK in turn phosphorylates CtBP at
Ser422, suggesting that HIPK2 regulates CtBP by direct
phosphorylation and indirect phosphorylation through JNK
(133, 365). This HIPK2-JNK axis operates in TGF-b-induced
apoptosis in p53-deficient hepatoma cells (133).

In addition to the role of p53 as a downstream effector of
HIPK2, p53 also functions as a regulator of HIPK2. In re-
sponse to severe DNA damage, HIPK2 was cleaved at Asp916
and Asp977, which eliminated the autoinhibitory domain
existing in the most C-terminal region of the molecule and
thus generated a constitutively active kinase (Fig. 13). In-
triguingly, caspase-6, which is a target gene of p53, was a
responsible protease for the DNA damage-dependent cleav-
age of HIPK2 (110). These findings suggest that HIPK2 and
p53 activate each other in a feed-forward manner in response

to severe DNA damage. In response to relatively mild, sub-
lethal DNA damage, on the other hand, p53 negatively reg-
ulates HIPK2 in a proteasome-dependent manner (Fig. 14). In
this regard, two distinct mechanisms are proposed: one is
dependent on murine double minute 2 and its human ortho-
log HDM2 and the other is dependent on seven in absentia
homolog-1 (Siah-1), both of which are p53-inducible E3 ubi-
quitin ligases (286, 382). After cells are exposed to sublethal
DNA damage, downregulation of HIPK2 may be a prereq-
uisite for recovery of cells from DNA damage.

In addition to the cleavage-dependent activation, DNA-
dependent stabilization of HIPK2 is another mechanism of a
net upregulation of HIPK2 activity. It has recently been shown
that the DNA damage checkpoint kinases ATM and ATR,
which are well known to coordinate cellular responses to
DNA damage, phosphorylate Siah-1 at Ser19. This phos-
phorylation disrupts the HIPK2–Siah-1 complex, resulting in
stabilization and accumulation of HIPK2 (382) (Fig. 14). An-
other E3 ligase, WSB-1 (WD-repeat and suppressor of cyto-
kine signaling (SOCS) box-containing-1), also associates with
HIPK2 and induces degradation of HIPK2 through the ubi-
quitin-proteasome system. Upon DNA damage, the HIPK2–
WSB-1 complex is disrupted and the resulting liberated
HIPK2 stabilizes and exerts its proapoptotic activity (47).

When subjected to chemically induced skin tumorigenesis,
HIPK2�=�mice showed a significant increase in tumor num-
ber, compared with that in WT mice (376). Whereas tumors in
all WT mice were benign papillomas, many tumors in
HIPK2�=�mice showed features of carcinoma in situ or inva-
sive squamous cell carcinoma. This tumor-suppressive ac-

FIG. 13. Roles of HIPK2 in DNA damage-induced apo-
ptosis. In response to severe, nonrepairable DNA damage,
HIPK2 phosphorylates p53 at Ser46 and thus promotes ap-
optosis through the expression of proapoptotic genes. Cas-
pase-6 is one such gene and cleaves HIPK2 at Asp916 and
Asp977, which generates a constitutively active kinase by
eliminating the autoinhibitory domain existing in the most
C-terminal region of the molecule. HIPK2 and p53 thus ap-
pear to activate each other in a feed-forward manner in re-
sponse to severe DNA damage. Even in the absence of p53,
HIPK2 induces apoptosis by inducing degradation of CtBP,
a transcription factor that represses several proapoptotic
genes, through direct phosphorylation by HIPK2 and JNK,
the latter of which is activated downstream of HIPK2. CtBP,
C-terminal binding protein; HIPK2, homeodomain-interacting
protein kinase 2.

742 TAKEDA ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3392&iName=master.img-012.jpg&w=238&h=159


tivity of HIPK2 appears to be accounted for not by its pro-
apoptotic activity, but rather by suppression of cell prolifer-
ation through downregulation of cyclin D1 (376). Although
there has not been enough evidence indicating the tumor-
suppressive role of HIPK2 in humans, oncogene-
dependent regulation of intracellular localization of HIPK2
has recently been proposed to be critically involved at least in
some forms of cancers. The high-mobility group A1, a proto-
oncogene frequently overexpressed in multiple human can-
cers, has the ability to promote translocation and retention of
HIPK2 in the cytoplasm and thus inhibit the apoptotic func-
tion of p53. In fact, a strong correlation among overexpression
of high-mobility group A1, cytoplasmic localization of HIPK2
and low spontaneous apoptosis was observed in WT p53-
expressing human breast cancer samples (274). In analogy to
this, it has been suggested that the leukemogenic chimeric
protein core-binding factor-b-smooth muscle myosin heavy
chain, which is generated by the chromosome inversion
inv(16)(p13;q22) present in *12% of cases of human acute
myeloid leukemia, sequesters HIPK2 in the cytosol and
thereby compromises regular hematopoiesis, eventually
leading to leukemogenesis (375). These findings strongly
suggest that HIPK2 plays a tumor-suppressive role. Never-
theless, frequent HIPK2 amplification and increased HIPK2
expression in pilocytic astrocytomas, the most common brain
tumors in the pediatric and adolescent population, have also
been reported (78). Consistent with this, overexpression of
HIPK2 promotes cell growth in U87 glioma cells (78). There-

fore, the precise roles of HIPK2, particularly in growth control
during tumorigenesis, remain elusive and will require further
investigation.

Finally, with respect to the control of apoptosis, HIPK2 is
not necessarily a general apoptosis inducer. HIPK2�=�mice
exhibited a selective loss of midbrain dopamine neurons due
to increased apoptosis without obvious defects in their neu-
rogenesis per se. This finding indicates that HIPK2 functions as
an antiapoptotic factor at least in neuronal development (416).
Considering all these results together, two types of compar-
ative analysis will be required for the comprehensive under-
standing of multifunctional HIPK2: one is focusing on its
functions in apoptosis induction versus suppression and the
other is focusing its functions in growth promotion versus
suppression. In this regard, further analysis of various disease
models using HIPK2�=�mice may shed light on the important
functions of HIPK2, especially those relevant to human
pathophysiology.

B. Protein kinase Cd

The PKC family is composed of a series of serine=threonine
kinases that regulate diverse cellular functions (259). PKC are
classified into three groups: conventional PKCs (a, b, and g),
novel PKCs (d, e, Z, and y), and atypical PKCs (z and l=i).
Conventional PKCs are activated by diacylglycerol (DAG) and
Ca2þ, whereas novel PKCs are activated by DAG but not by
Ca2þ. Atypical PKCs are insensitive to both DAG and Ca2þ.

While many members of this family are known to critically
regulate cell proliferation and survival, PKCd functions as a
positive regulator of apoptosis in many cell types (285). PKCd
is activated by various cytotoxic stressors, such as ionizing
radiation, UV radiation, anticancer drugs, and ROS as well as
growth factors and cytokines. PKCd is normally activated by
DAG generated from receptor-mediated hydrolysis of inositol
phospholipids. In addition to or alternatively to this conven-
tional activation mechanism, phosphorylation of PKCd on
tyrosine residues by various tyrosine kinases, such as the Src
family kinases and c-Abl, is regarded as a crucial step, par-
ticularly for the induction of apoptosis in response to various
cytotoxic stressors. Phosphorylations of multiple tyrosine
residues of PKCd have been reported so far, but the phos-
phorylations of different residues may be regulated in a
manner dependent on cell types and=or types of stimulus. For
instance, when COS-7 cells expressing exogenous PKCd were
exposed to H2O2, Tyr311, Tyr332, and Tyr512 were phos-
phorylated, among which Tyr311 was required for an increase
in the catalytic activity (188). In glioma cells, phosphorylation
of Tyr64 and Tyr187 appears to be required for apoptosis in
response to etoposide, a topoisomerase II inhibitor (21).

Phosphorylation of tyrosine residues also appears to play a
major role in the nuclear translocation of PKCd. In fact, PKCd
possesses an nuclear localization signal and translocates from
the cytoplasm to the nucleus in response to various pro-
apoptotic stimuli, and this translocation is required for the
proapoptotic activity of PKCd (79). In the nucleus, PKCd is
cleaved between N-terminal regulatory and C-terminal cata-
lytic domains by caspase-3, generating a constitutively active
catalytic fragment (86, 99). Consistent with this nuclear reg-
ulation of PKCd, many substrates of PKCd exist in the nucleus,
such as DNA-dependent protein kinase, the nuclear structural
protein lamin B and the checkpoint protein Rad9, all of which

FIG. 14. Regulation of HIPK2 degradation. In response to
relatively mild, sublethal DNA damage, p53 negatively
regulates HIPK2 in a manner dependent on MDM2 or Siah-1,
both of which are p53-inducible E3 ubiquitin ligases. An-
other E3 ligase, WSB-1, also induces degradation of HIPK2.
Although not depicted in this scheme, the HIPK2–WSB-1
complex is disrupted upon DNA damage, and the resulting
liberated HIPK2 stabilizes and exerts its proapoptotic activ-
ity. ATM and ATR phosphorylate Siah-1 at Ser19, which
results in stabilization and accumulation of HIPK2. WSB-1,
WD-repeat and suppressor of cytokine signaling (SOCS) box-
containing-1; ATM, ataxia telangiectasia mutated; ATR,
ATM and Rad3-related; MDM2, murine double minute 2;
Siah-1, seven in absentia homolog-1.
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are especially important in genotoxic stress-induced apopto-
sis (406). Phosphorylation of p53 at Ser46 by PKCd has also
been proposed to be a critical regulation of genotoxic stress-
induced apoptosis (408). Intriguingly, PKCd has recently been
shown to transactivate p53 expression at the transcriptional
level by interacting with the death-promoting transcription
factor Btf (Bcl-2-associated transcription factor) to co-occupy
the p53 core promoter element (212).

Proapoptotic roles of PKCd have been clearly demonstrated
using PKCd�=�mice. PKCd�=�mice develop normally and are
fertile, but smooth muscle cells from PKCd�=�mice are more
resistant to various stimuli, such as UV, H2O2, and cytokines,
than those from WT mice (207). Consistent with this finding,
vein bypass graft experiments showed that vein segments
from PKCd�=�mice isografted to carotid arteries of either WT
or PKCd�=�recipient mice led to a more severe arteriosclerosis
than was seen with vein segments from WT mice. When mice
were subjected to g-irradiation, apoptosis in the parotid
glands was significantly suppressed in PKCd�=�mice, com-
pared with WT mice. Primary parotid cells from PKCd�=�

mice were also defective in mitochondria-dependent apo-
ptosis (145). These results demonstrate the pathophysiologi-
cal significance of the proapoptotic function of PKCd in
cellular stress responses. In addition to such a role in stress
response, recent studies using PKCd�=�mice have also dem-
onstrated a critical role of this kinase in the maintenance of
immune integrity (234, 235, 241). The spleens and lymph
nodes of PKCd�=�mice are enlarged due to an increase in the
number of B cells. Deficiency in PKCd prevents B-cell toler-
ance and allows maturation and terminal differentiation of
self-reactive B cells, leading to production of auto-reactive
antibodies and immune-complex-type glomerulonephritis as
well as lymphocyte infiltration in many organs. These find-
ings strongly suggest that PKCd is critically involved in hu-
man autoimmune diseases.

PKCd also plays a key role in the injury associated with
reperfusion of ischemic cardiac tissue (50). Activation of PKCd
during reperfusion appears to result in its translocation to the
mitochondria, where it negatively regulates mitochondrial
function and increases generation of mitochondrial ROS, in-
ducing apoptosis through release of cytochrome c into the
cytosol. Inhibition of PKCd by a PKCd-specific peptide in-
hibitor during reperfusion after ischemia improves myocar-
dial cell survival by blocking the accumulation of Bad,
inactivation of Akt, release of cytochrome c, and the following
apoptotic events such as poly(ADP-ribose) polymerase
cleavage and DNA fragmentation (247). Intriguingly, PKCe,
another novel PKC isoform that is highly homologous to
PKCd, plays an opposing role in myocardial ischemia re-
perfusion injury; activation of PKCe before ischemia prevents
ischemia-reperfusion-induced cell death by protecting mito-
chondrial function and decreasing apoptosis, suggesting the
role of PKCe in ischemic preconditioning, a state produced by
short bouts of sublethal ischemia reperfusion that protect
tissue from subsequent lethal ischemia (8, 50).

These counteracting roles of PKCd and PKCe are also in-
volved in ischemic brain injury (49). Whereas cerebral infarcts
are similarly induced after permanent middle cerebral artery
occlusion in PKCdþ=þ and PKCd�=�mice, PKCd�=�mice ex-
hibit a striking reduction in infarct size compared with
PKCdþ=þmice after transient middle cerebral artery occlusion
and reperfusion (48). This reduction in infarction in PKCd�=�

mice appears to be attributable in part to neutrophil PKCd. In
response to cerebral ischemia reperfusion, neutrophil PKCd
activates resting neutrophils to adhere to cerebral blood ves-
sels and migrate into ischemic brain tissue. Neutrophil PKCd
is thought to regulate the release of superoxide anion through
NADPH oxidase activation and promote neutrophil degran-
ulation (48, 49). Brain PKCd also plays a role in reperfusion
injury; intravascular administration of a PKCd-specific pep-
tide inhibitor during reperfusion, but not before ischemia,
decreased infarct size concomitant with reduced apoptotic
signaling in the brain (28). Thus, PKCd in neutrophils and
neurons mediates reperfusion injury after cerebral ischemia.
On the other hand, contribution of PKCe to protection against
ischemia reperfusion injury through neuronal ischemic pre-
conditioning has been demonstrated in various culture sys-
tems such as hippocampal slices and primary neuronal
cultures using PKCe-specific activators and inhibitors (49).
Taken these findings into account, PKCd and PKCe would be
promising therapeutic targets for ischemia-reperfusion-
related complications.

C. Protein kinase Ds

The PKD family belongs to the CaM-dependent protein
kinase group of serine=threonine kinases and consists of three
isoforms, PKD1 (formerly known as PKCm), PKD2, and PKD3
(formerly known as PKCn. These three isoforms share a sim-
ilar domain structure; each consists of a C-terminal catalytic
domain and an N-terminal regulatory domain, the latter of
which further contains two zinc finger-like cysteine-rich do-
mains and a pleckstrin homology domain (11, 287). The reg-
ulatory domain inhibits the activity of the catalytic domain in
an autoinhibitory manner, and deletion or mutation of this
domain leads to constitutive activation of the kinase. DAG,
phorbol esters, and G protein-coupled receptor agonists bind
to the cysteine-rich domains with high affinity and facilitate
the release of PKD from its autoinhibition and the transloca-
tion of PKD from the cytosol to cellular membrane. Subse-
quently, PKD is activated through direct phosphorylation of
two conserved serine residues within the activation loop of
the catalytic domain by DAG-responsive PKC isoforms (287).

As an alternative activation mechanism of PKD, the pro-
teolytic cleavage between the regulatory domain and the
catalytic domain has been proposed (87). PKD is cleaved by
caspase-3 in response to genotoxic agents, and the released
catalytic domain gains its kinase activity and sensitizes cells to
DNA damage-induced apoptosis. PKD also promotes anoikis
by modulating the activity of Bcl-2 inhibitor transcription
(Bit1), a mitochondrial protein that is released into the cytosol
and induces caspase-independent apoptosis upon loss of cell
attachment (18, 159). PKD directly phosphorylates serine
residues in Bit1 and facilitates the release of Bit1 from the
mitochondria to the cytosol. Since cell attachment to fibro-
nectin was found to inhibit PKD activity, PKD appears to be
activated in response to cell detachment by an unknown
mechanism and function as a proapoptotic signaling inter-
mediate (18).

In contrast to these proapoptotic roles, PKD also plays roles
in promoting cell survival and inhibiting apoptosis. The ac-
cumulation of mitochondrial ROS leads to translocation of
PKD from the cytosol to the mitochondria, where tyrosine
kinases Src and Abl phosphorylate a tyrosine residue within
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the pleckstrin homology domain of PKD and induce confor-
mational changes that release autoinhibition of PKD (322).
This tyrosine phosphorylation further facilitates phosphory-
lation of the activation loop of PKD by PKCd, mediating full
activation of PKD. Subsequently, PKD induces expression of
the SOD2 gene, which controls cellular detoxication from
superoxide, and the antiapoptotic gene encoding A20 through
activation of the NF-kB transcription factor. Tyrosine phos-
phorylated PKD, but not conventionally activated PKD such
as through DAG generation, induces NF-kB, suggesting that
tyrosine phosphorylation is an important mechanism by
which PKD exerts its specific function as a sensor of mito-
chondrial ROS (321). JNK and c-Jun have also been proposed
to targets of PKD when PKD exerts its antiapoptotic function
(146). PKD associates with JNK and probably with c-Jun in a
manner dependent on the kinase activity of PKD and appears
to impair the ability of JNK to phosphorylate and thus activate
c-Jun by directly phosphorylating alternative sites in the c-Jun
N-terminus.

In addition to the roles in cell death=survival control, PKD
has been implicated in cell migration, invasion, and motility,
all of which are critical processes in cancer progression and
metastasis (197). For instance, PKD phosphorylates slingshot
1 like, a phosphatase that dephosphorylates and reactivates
the actin-remodeling protein cofilin at the leading edge of
migrating cells. This phosphorylation blocks the localization
of slingshot 1 like to the actin cytoskeleton and subsequently
inhibits cell motility through sustained cofilin inactivation
(84). PKD has also been implicated in angiogenesis, which
plays a major role in tumorigenesis by providing growing
tumors with oxygen and nutrients (197). PKD is activated by
VEGF and required for VEGF-induced endothelial cell pro-
liferation, migration, and in vivo angiogenesis (278). Con-
sistent with these experimental findings, dysregulation of
expression, activity, and intracellular distribution of all PKD
isoforms in a variety of human tumor samples has been
demonstrated (197).

PKD also plays a major role in cellular responses to oxi-
dative stress. PKD has been focused on as a regulator of the
cardiovascular system because cardiac PKD is activated in
response to hypertension, pressure overload, and chronic
neurohormonal signaling (11). Recently, mice with cardiac-
specific deletion of the PRKD1 gene that encodes PKD1 have
been found to be viable and show diminished hypertrophy,
fibrosis, and fetal gene activation as well as improved cardiac
function in response to pressure overload or chronic adren-
ergic and Ang II signaling (92). These findings demonstrate
that PKD1 activity plays a key role in mediating stress-
dependent remodeling and reprogramming of gene expres-
sion in the adult heart. In this regulation, phosphorylation of
class II histone deacetylases (HDACs) such as HDAC5 by
PKD has been proposed to be crucial. Class II HDACs func-
tion as negative regulators of pathological cardiac remodeling
through association with the MEF2 transcription factor, an
activator of heart diseases; however, phosphorylation of class
II HDACs by PKD results in their dissociation from MEF2,
allowing the activation of MEF2 target genes (11).

According to the recent progress in the elucidation of the
pathophysiological roles of PKD as described in this section,
various types of chemical inhibitors have been developed
(197). To further validate PKD as a chemotherapeutic target,
however, it would be important to investigate to what extent

the PKD isoforms are different in their functions, because no
isoform-specific inhibitors have been reported so far.

D. c-Abl

c-Abl is a tyrosine kinase closely related to the Src family
kinases and essential for mouse development, as demon-
strated by the embryonic and neonatal lethality of c-abl�=�

mice (348). Whereas the overall structure of the N-terminal
half of c-Abl, which includes an Src-homology 2 domain, an
SH3 domain, and the kinase domain, is homologous to that of
the Src family kinases, the C-terminal half of c-Abl has a un-
ique structure composed of binding elements for SH3 do-
mains, nuclear localization and export signals, a bipartite
DNA-binding domain, and an actin-binding domain (Fig. 15).
The basal catalytic activity of c-Abl is tightly regulated by
autoinhibitory mechanisms through tyrosyl phosphorylation
and N-terminal myristoylation within the molecule (117, 249).

c-Abl is well known to have oncogenic potential. When the
gene encoding c-Abl is aberrantly fused to the breakpoint
cluster region (BCR) gene, the autoinhibitory mechanisms of
c-Abl are disrupted and BCR-Abl acts as a constitutive kinase,
resulting in the disease chronic myelogenous leukemia (303).
On the other hand, accumulating evidence has suggested that
c-Abl also functions as an inducer of cell death (363). c-Abl is
preferentially activated by DNA damage inducers, such as
ionizing radiation, cisplatin, mitomycin C, and topoisomerase
inhibitors, all of which are known to induce apoptosis, and the
requirement of c-Abl for DNA damage-induced apoptosis has
been demonstrated by studies using cells from c-abl�=�mice
(104).

With regard to the control of oncogenic versus proapoptotic
activity of c-Abl, its intracellular distribution appears to be a
critical determinant. It has been proposed that nuclear c-Abl is
associated with induction of DNA damage-induced apopto-
sis, whereas cytoplasmic c-Abl contributes to cell proliferation
and survival (406). Recently, the mechanisms by which cy-
toplasmic c-Abl is targeted to the nucleus in response to DNA
damage have been revealed. c-Abl is sequestered in the cy-
toplasm by binding to 14-3-3 proteins through phosphoryla-
tion of c-Abl at Thr735. In response to DNA damage, JNK is

FIG. 15. Domain structure of c-Abl. The overall structure
of the N-terminal half of c-Abl, which includes an SH2 do-
main, an SH3 domain, and the KD, is homologous to that of
c-Src. The C-terminal half of c-Abl has a unique structure
composed of binding elements for SH3 domains (Pro-X-X-
Pro sequence; indicated by the gray triangles), nuclear lo-
calization and export signals (indicated by the white and
black triangles, respectively), a bipartite DNA-binding do-
main (DBD), and an actin-binding domain (ABD). BCR-Abl
is a fusion protein, in which the BCR protein is fused up-
stream of the SH3 domain of c-Abl. BCR, breakpoint cluster
region; SH2, Src-homology 2.
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activated and induces phosphorylation of 14-3-3, which
dissociates 14-3-3 from c-Abl. The liberated c-Abl subse-
quently is translocated into the nucleus, where it exerts its
proapoptotic activity (409). The MUC1 transmembrane gly-
coprotein is another important molecule that tethers c-Abl in
the cytoplasm. MUC1 is an oncoprotein overexpressed in
many human cancers and is known to suppress apoptosis
induced by genotoxic agents (318). MUC1 associates with and
thus inhibits nuclear translocation of c-Abl through direct
binding of the Src-homology 2 domain of c-Abl to MUC1
Tyr60, which is phosphorylated by c-Abl (280). Binding of
MUC1 to c-Abl attenuates phosphorylation of c-Abl at Thr735
and the interaction between c-Abl and 14-3-3, implying that
MUC1 not only tethers c-Abl in the cytoplasm but also dis-
rupts DNA damage-induced, 14-3-3-dependent regulation
of c-Abl localization. This mechanism may contribute to the
resistance of cancer cells, particularly those overexpressing
MUC1, to anticancer agents.

Recent precise analysis of c-abl�=�mice has revealed the
critical role of c-Abl in cardiac growth and development. c-
abl�=�mice with a C57BL=6J background exhibit severe peri-
natal lethality, probably as a result of cardiac hyperplasia that
is caused not by decreased apoptosis, but rather by abnor-
mally increased cardiomyocyte proliferation during the later
stages of embryogenesis (279). The proapoptotic activity of c-
Abl may thus be tightly confined to the situation where cells
need to correctly respond to DNA damage.

E. DYRK2

The dual-specificity tyrosine-regulated kinases, DYRK1A,
DYRK1B, DYRK2, DYRK3, and DYRK4, constitute a unique
family of protein kinases that autophosphorylate an essen-
tial tyrosine residue within their activation loop and phos-
phorylate their substrates only at serine and threonine
residues (407). Among the family members, DYRK1A
has been paid the most attention because it appears to be
involved in some of the neurological defects of Down
syndrome patients, and because the human DYRK1A gene
is consistently located on chromosome 21 in the Down
syndrome critical region.

Although there has been little evidence of involvement of
DYRKs in apoptosis regulation, DYRK2 has recently been
found to be critically involved in the induction of DNA
damage-dependent apoptosis (331). Whereas DYRK2 exists
predominantly in the cytoplasm in unstimulated cells, it
translocates into the nucleus in response to DNA damage. In
the nucleus, DYRK2 phosphorylates p53 at Ser46, which in-
duces expression of proapoptotic genes, such as p53AIP1, and
thereby induces apoptosis. ATM appears to function as an
upstream regulator of DYRK2. Since ATM appears not to be
required for DNA damage-induced nuclear translocation of
DYRK2, ATM might regulate the catalytic activity of DYRK2
in response to DNA damage. These findings suggest that
DYRK2 functions as a suppressor of DNA damage-induced
tumorigenesis.

However, DYRK2 is also suggested to be a potential on-
cogene, since gene amplification and overexpression of
DYRK2 have been reported in gastrointestinal and lung can-
cers (105, 240). Recently, a possible underlying mechanism of
the oncogenic aspect of DYRK2 has been proposed. In C. ele-
gans, MBK-2, the C. elegans ortholog of mammalian DYRK2,

phosphorylated and regulated MEI-1, the C. elegans ortholog
of mammalian katanin p60 that is a microtubule AAA-AT-
Pase required for severing microtubules at the mitotic spin-
dles (216). Consistent with this, DYRK2 served as a scaffold
for an E3 ligase complex, designated as the EDVP complex,
containing an E3 ligase EDD (also known as UBR5), DNA
damage binding protein 1, and a WD40 domain-containing
protein VPRBP (also known as DCAF1) (223). In this complex,
DYRK2 phosphorylated katanin p60 and thereby facilitated
its degradation through the ubiquitin-proteasome system.
Importantly, siRNA-mediated downregulation of DYRK2,
which upregulates katanin, resulted in abnormal accumula-
tion of cells with a 4N DNA content. In addition, DYRK2-
mediated phosphorylation of katanin was required for proper
cell cycle progression. These findings suggest that DYRK2
positively controls cell proliferation and that aberrant mitosis
and altered cell cycle progression through overexpression
and=or hyper-activation of DYRK2 may play a key role in
oncogenic transformation.

VII. Concluding Remarks

Here, we have focused on the representative apoptosis
signaling kinases and discussed their roles in stress response
as well as apoptosis signaling. By overviewing this substantial
collection, one can clearly recognize that such kinases play
multiple important roles in coordinating various intracellular
signaling pathways, such as proapoptotic, antiapoptotic,
proliferative, and differentiation signaling pathways, to en-
able cells to respond properly to various levels of changes in
internal and external environments. The reversibility of pro-
tein phosphorylation may be a plausible explanation for why
kinases accomplish such fine-tuning of cellular responses. In
this regard, further investigation of apoptosis signaling
phosphatases will be an important task to fully understand
the functions and regulatory mechanisms of apoptosis sig-
naling kinases. In this review, we have also focused on health
outcomes upon dysregulation of some of the kinases, which
have been revealed mainly by genetic approaches using ge-
netically modified mice. The cumulative evidence described
here suggests that most of the apoptosis signaling kinases
merit attention as potential therapeutic targets for human
diseases. Thus, further investigation into the pathophysio-
logical roles of the kinases using genetically modified mice
will surely lead to cures or treatments for various obstinate
diseases.
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Abbreviations Used

Ab¼ amyloid-b
ABD¼ actin-binding domain

AD¼Alzheimer’s disease
ALS¼ amyotrophic lateral sclerosis

Ang II¼ angiotensin II
ANK¼ ankyrin repeats
ASK1¼ apoptosis signal-regulating kinase 1
ATM¼ ataxia telangiectasia mutated
ATR¼ATM and Rad3-related
BCR¼ breakpoint cluster region

BMK¼ big MAP kinase 1
CaM¼Ca2þ=calmodulin

CARD¼ caspase recruitment domain
CCC¼C-terminal coiled-coil
CDK¼ cyclin-dependent kinase

CHOP¼ cyclic AMP response element binding
protein homologous protein

CRIB¼Cdc42=Rac-interactive binding
CtBP¼C-terminal binding protein

DA¼dominant active
DAG¼diacylglycerol

DAPK¼death-associated protein kinase
DASK1¼Drosophila ASK1

DBD¼DNA-binding domain
DD¼death domain

DLC1¼dynein light chain 1
DLK¼dual-leucine-zipper-bearing kinase

DRAK¼DAPK-related apoptosis-inducing
protein kinase

DRP1¼DAPK-related protein-1
ER¼ endoplasmic reticulum

ERAD¼ER-associated degradation
ERK¼ extracellular signal-regulated kinase

FADD¼ Fas-associated death domain
FFA¼ free fatty acids

GADD45¼ growth arrest and DNA damage
inducible 45

GCK¼ germinal center kinase
H2B¼histone H2B

HCC¼hepatocellular carcinoma
HD¼Huntington’s disease

HDAC¼histone deacetylase
HFD¼high-fat diet

HIPK¼homeodomain-interacting protein kinase
HPK1¼hematopoietic progenitor kinase 1

IFN¼ interferon
IL¼ interleukin

JNK¼ c-Jun N-terminal kinase
KD¼ kinase domain
LPS¼ lipopolysaccharide
LZ¼ leucine-zipper

LZK¼ leucine-zipper kinase
MAP¼mitogen-activated protein

MAPK¼MAP kinase
MAP2K¼MAP kinase kinase
MAP3K¼MAP kinase kinase kinase

Mcl-1¼myeloid cell leukemia-1
MDM2¼murine double minute 2

MEFs¼mouse embryonic fibroblasts

MEF2 ¼ myocyte enhancer factor 2
MEKK ¼ MAP=ERK kinase kinase

MK ¼ MAP kinase-activated protein
(MAPKAP) kinase

MLK ¼ mixed-lineage kinase
MNK ¼ MAP kinase-interacting kinase
MSK ¼ mitogen- and stress-activated protein kinase
MST ¼ mammalian ste20-related kinase
NBs ¼ nuclear bodies

NCC ¼ N-terminal coiled-coil
NES ¼ nuclear export signal

NF-kB ¼ nuclear factor-kappa B
NGF ¼ nerve growth factor
PAK ¼ p21-activated kinase
PBD ¼ p21-binding domain
PKC ¼ protein kinase C
PKD ¼ protein kinase D
PP5 ¼ protein phosphatase 5

PRAK ¼ p38-regulated=activated kinase
PTP-PEST ¼ protein tyrosine phosphatase proline-,

glutamine-, serine-, and threonine-rich
sequence

Puma ¼ p53-upregulated modulator
of apoptosis

RACK1 ¼ receptor for activated C-kinase 1
RHIM ¼ RIP homotypic interaction motif

RIP ¼ receptor interacting kinase
RNS ¼ reactive nitrogen species
ROS ¼ reactive oxygen species

SAM ¼ sterile-a motif
SCG ¼ superior cervical ganglion

Siah-1 ¼ seven in absentia homolog-1
SLK ¼ Ste20-like kinase

SOD1 ¼ superoxide dismutase
SOK1 ¼ oxidative stress response kinase 1

SH2 ¼ Src-homology 2
SH3 ¼ Src-homology 3

Ste20p ¼ sterile 20 protein
TAB ¼ TAK1-associated binding protein

TAK1 ¼ TGF-b activated kinase 1
TAO ¼ thousand and one amino acid

TGF-b ¼ transforming growth factor-b
TLR ¼ Toll-like receptor
TNF ¼ tumor necrosis factor

TNFR1 ¼ TNF receptor 1
TRADD ¼ TNFR-associated death domain

TRAF ¼ TNF receptor-associated factor
TRAIL ¼ TNF-related apoptosis-inducing

ligand
Trx ¼ thioredoxin

UV ¼ ultraviolet

VEGF ¼ vascular endothelial growth factor

VV ¼ vaccinia virus
WSB-1 ¼ WD-repeat and suppressor

of cytokine signaling (SOCS)
box-containing-1

WT ¼ wild-type
YAP1 ¼ yes-associated protein
ZAK ¼ zipper sterile-a-motif kinase
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