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PREFACE
Signal transduction is one of the most exciting research areas in

modern biology as it deals with how information flows from the extra-
cellular environment into a living cell to change its metabolism, genotype
and phenotype. With the completion of the genomes of human and several
other species, it becomes even more important to elucidate the molecular
mechanisms that govern cellular functions. The intracellular signaling
network, which is composed of many signaling pathways, regulates most, if
not all, fundamental cellular activities, from proliferation to programmed
cell death (apoptosis). Over the past decade, many signaling pathways have
been “mapped’ out. Nowadays, we know in great detail about how a specific
signal is transmitted via specific signaling pathways, from the membrane to
the nucleus, to change the functions of a cell. In this book, a group of
experts present a comprehensive review of one of such signaling pathways,
the JNK signaling pathway.

In the first chapter, Ewen Gallagher and Michael Karin discuss the
discovery of JNK. About a decade ago, JNK was born in Michael Karin’s
laboratory. Subsequently, JNKs were molecularly cloned by the laboratories
of Michael Karin and Roger J. Davis. Simultaneously, the laboratory of Joseph
A. Avruch identified and cloned the rat homologues of JNK, the SAPKs
(stress-activated protein kinases). In addition, these authors present a com-
prehensive review of the biological functions of JNK. In the next chapter,
Maria Julia Marinissen and J. Silvio Gutkind present an extensive review of
the regulation of JNK by small GTP-binding proteins of the Rho family.
These authors discussed how JNK is regulated by Rac, Cdc42 and Rho pro-
teins in a cell type- and stimulus-specific manner.

 The next three chapters focus on the genetic analysis of the biological
functions of JNK and its upstream kinase JNKK (MKK4/MKK7). Using
knockout mouse models, Kanaga Sabapathy presents an extensive discus-
sion about the physiological roles of different JNKs, and Hiroshi Nishina
and Toshiaki Katada present a comprehensive review of the biological func-
tions of JNKs and its upstream kinase JNKKs (MKK4/MKK7). Using Droso-
phila as a model system, Changwan Lu and Steven X. Hou present an exten-
sive review of the versatile roles of JNK in Drosophila, from embryonic
dorsal closure, larval thorax closure, adult wound healing, planar cell polar-
ity, immune response, synaptic plasticity, neuronal cargo transport, to
apoptosis and lifespan.

The role of JNK in cell death is an intensively studied and also highly
controversial topic in JNK biology. Anning Lin presents a comprehensive
review of the role of JNK in both apoptosis and cell survival. The author
discusses the molecular mechanisms underlying the pro- and anti-apoptotic
role of JNK and proposes the “breaking the brake on apoptosis” model.
Han-Ming Shen and Zheng-gang Liu present an extensive review of the



regulation of JNK by reactive oxygen species (ROS) and the role of JNK in ROS-
mediated cell death. The authors discuss the signaling mechanisms of ROS-medi-
ated JNK activation and the role of JNK in ROS-mediated cell death (both
apoptosis and necrosis).

In the last chapter, Brydon Bennett and Yoshitaka Satoh present an exten-
sive review of the search for the inhibitors of JNK, based on the belief that deregu-
lation of JNK activity may be involved in human diseases. The authors report that
the first JNK inhibitors are actually now entering clinical trials to determine safety
and efficacy limits in humans. It is possible that small molecules that can specifi-
cally inhibit JNK activity could be potential future therapy for certain human
diseases.

I hope that this book serves as an important resource for graduate students,
postdocs, and basic and clinical researchers who are interested in understanding
the biological functions of the intracellular signaling network in general, and the
JNK signaling pathway in particular.

 Anning Lin
Chicago, Illinois, U.S.A.



CHAPTER 1

The Discovery of JNK
and Its Biological Functions
Ewen Gallagher and Michael Karin*

Summary

The c-Jun amino-terminal kinases (JNKs) are critical regulators of various aspects of
mammalian physiology, including: cell proliferation, survival and death. Originally the
JNKs were isolated as upstream kinases that regulate c-Jun, a component of the AP-1

transcription factor. JNK-mediated phosphorylation enhances c-Jun transcriptional activity
and is a major contributor to the activation of AP-1 by extracellular stimuli, such as UV light
or the proinflammatory cytokine tumor necrosis factor-α (TNF-α). After the initial isolation
and cloning of JNKs 1 to 3, and the subsequent biochemical description of their function
(which has included the crystallization of JNK1 and JNK3), targeted disruption of the Jnk loci
in mice has proved to be a critical tool for a more complete understanding of their physiologi-
cal functions. It is now known that the JNKs play important roles in numerous cellular pro-
cesses, including: CD4+ T cell function in the immune system, negative regulation of insulin
signaling, control of fat deposition and the proper development of various organs, such as the
eyelids and the brain. Also, the JNKs have become prime targets for drug development. As
such, this review provides an overview of both the discovery of JNKs, and the characterization
of Jnk knockout mice.

The Identification of JNK as a Critical Upstream Activator
of Jun/AP-1

Transcription factor AP-1 is a DNA binding hetero-dimer that comprises Jun (c-Jun, JunB
and JunD), Fos, Maf and ATF family members.1 These transcription factors belong to the
bZIP family and, as such, their dimerization is mediated via their leucine zipper, whereas the
recognition of the AP-1 site is mediated through the basic region.2 In addition to the bZIP
domain, many, but not all, of the AP-1 proteins contain transcriptional activation domains,
whose activity can be regulated in response to various extracellular stimuli through their phos-
phorylation.3 AP-1 transcription factors control the expression of numerous target genes by
binding to their promoters and regulating events that lead to transcriptional initiation by eu-
karyotic RNA polymerase II. One of the most potent stimuli that induces AP-1-dependent
gene expression is short wavelength UV light,4 and it became apparent through phospho-peptide
mapping and in vivo metabolic labeling experiments that UV irradiation of cultured cells re-
sults in a rapid and substantial increase in c-Jun phosphorylation.4 This phosphorylation event
was suggested to stimulate c-Jun transcriptional activity. Indeed, deletion and site directed
mutagenesis experiments identified serines 63 and 73 as the UV responsive sites, that regulate

*Corresponding Author: Michael Karin—Laboratory of Gene Regulation and Signal
Transduction, Department of Pharmacology, School of Medicine, University of California,
San Diego, 9500 Gilman Drive, La Jolla, California, U.S.A. Email: karinoffice@ucsd.edu

The JNK Signaling Pathway, edited by Anning Lin. ©2006 Eurekah.com.



The JNK Signaling Pathway2

c-Jun transcriptional activity.5-8 In addition to UV irradiation, phosphorylation of serines 63
and 73 is stimulated by: growth factors, activated Ras and Src oncoproteins, and occupancy of
the T Cell Receptor (TCR).6,9 Similar phosphorylation sites have been identified in the related
molecule JunB, but, unlike c-Jun, JunB is not as responsive to stimuli such as UV radiation.10

The next step in understanding c-Jun regulation was the identification of a UV-, TNF-α-,
and oncoprotein- responsive protein kinase that phosphorylates it on serines 63 and 73. This
was accomplished through the development of a solid-state kinase assay.11 To develop this
novel assay the transcriptional activation domain of c-Jun, encompassing serines 63 and 73,
was fused to glutathione S-transferase (GST), expressed in E. coli, and the resultant fusion
protein was incubated with extracts of nonirradiated, or irradiated, cells, and after washing,
γ-32P-ATP was added to test whether c-Jun becomes phosphorylated under these conditions.
The results were striking: UV irradiated cells were found to contain a potent kinase activity
which was bound to the c-Jun activation domain and phosphorylated it on serines 63 and 73.11

Subsequently, this assay was used to demonstrate activation of JNKs in T cells.9 Biochemical
characterization, using in-gel kinase assays, led to the identification of two JNK isoforms (46
and 56 kDa in size), known as JNK1 and JNK2, and these have been shown to be distinct from
ERK1 and ERK2, which, at the time, were the only known members of the Mitogen-Activated
Protein Kinase (MAPK) group in mammals.11 Yet, based on their activation by extracellular
stimuli, and the ability to phosphorylate serines or threonines followed by a proline, which is
strictly required, the JNKs were predicted to be new members of the MAPK group of signal
transducing protein kinases, a prediction that was confirmed by the molecular cloning of the
cDNAs for JNK1 and JNK2.12,13 The activity of the recombinant proteins encoded by these
cDNAs was shown to be stimulated by the same agonists found to activate the endogenous
JNK activity detected by the solid state kinase assay. Furthermore, the substrate specificity of
the recombinant and endogenous proteins was shown to be identical, with a clear preference
for phosphorylation of c-Jun at serines 63 and 73.12,13 Subsequent work led to the identifica-
tion of JNK3, whose expression is restricted to neuronal, and cardiac cells.14 These same ki-
nases were identified by Kyriakis and coworkers, who named them Stress Activated Protein
Kinases (SAPKs).15,16

MAPKs are conserved throughout eukaryotic evolution, from yeast to humans, and are
commonly activated via a three-tier phosphorylation cascade.3 Thus, MAPKs are activated by
MAPK kinases (MKKs, JNKKs or MAP2Ks), and the latter are activated by MKK kinases
(MEKKs, or MAP3Ks). MKK4 preferentially phosphorylates tyrosine residue 185 in the JNK1
activation motif (TPY), whereas MKK7 preferentially phosphorylates threonine residue 183.17,18

The dual specificity MAP2Ks of the JNK pathway, MKK4 and MKK7, are activated by their
upstream MAP3Ks through phosphorylation on serine or threonine residues in the activation
loop (MKK4 is phosphorylated on residues serine 257 and threonine 265, and MKK7 is phos-
phorylated on residues serine 271 and threonine 275). A much larger number of MAP3Ks
have been identified that can activate JNK, which are likely to act in a cell type and stimulus
specific manner.19 The first and most potent JNK-activating MAP3K to be identified was
MEKK1.20 Since then, however, many more MAP3Ks, which can activate JNK, have been
identified, including: MEKK2 and MEKK3,21 MEKK4,22 Mixed Lineage kinases 2 and 3
(MLK2 and MLK3),23,24 Dual leucine zipper-bearing kinase (DLK),25 Tumor progression lo-
cus-2 (Tpl-2),26 TGF-β-activated kinase (TAK1),27 Apoptosis Signal Regulating Kinases 1 and
2 (ASK1 and ASK2),28,29 and Thousand and one amino acid kinases 1 and 2 (Tao1 and
Tao2).30,31

The Regulation of JNK MAPK Cascades
The JNKs, like other MAPKs, are organized into signaling modules, and this allows their

highly coordinated and specific activation in response to stimuli.32 While there are three MAPKs
in the JNK pathway and two MAP2Ks, there are many MAP3Ks (as listed above). The pres-
ence of a large number of JNK-activating MAP3Ks in mammals may give the benefit of
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improved signal specificity to diverse types of stress stimuli. Further diversity and complexity
is introduced by the recent finding that JNK1 is the major isoform responsible for c-Jun
amino-terminal phosphorylation, whereas JNK2 may be a negative regulator of this activity.33

JNK signaling modules are formed by scaffolding proteins, and these usually comprise the
JNK Interacting Proteins- (JIP) like scaffolds,34 and the MKKs, that have an amino-terminal
extension that allows them to interact with the downstream MAPK and the upstream MAP3K
(this is illustrated in Fig. 1).35,36 In addition, signaling specificity is found at the level of MAP3Ks
interactions with MKKs. MEKK1 preferentially binds to MKK4, whereas MEKK2, a related
MAP3K, favors binding to MKK7.35,37 Molecular scaffolding, most likely, confers improved
signaling specificity and integration of JNK signaling in vivo, though it may also limit signal
amplification.38-40 Several different JNK scaffolding molecules have now been identified, in-
cluding: β-arrestin-2,41 CRK2,42 Filamin,43 IKAP,44 JIP1,45 JIP2,46 JIP3,47,48 and JIP4.49 The
function of these molecules has been extensively described in a recent review.36

MEKK1 is an example of a MAP3K that can scaffold elements of its own signaling cascade,
via its kinase domain and long amino-terminal domain.36 It can form complexes with MKK4,35

and JNK1 or JNK2.50 The phosphorylation state of MEKK1 may influence its ability to inter-
act with components of the JNK MAPK pathway, as JNKs are recruited to the MEKK1 signal-
ing module following its activation by stress stimuli.51 In addition, MEKK1 shows a striking
localization to focal adhesions and the actin cytokskeleton, and can interact with the cytoskeletal
factor α-actinin,52 Rho family GTPases,53,54 and p115 RhoGAP.55 In addition, it contains a
Plant Homology Domain (PHD) that has in vitro E3 ubiquitin ligase activity, and can mediate
the ubiquitination and proteolysis of itself,56 and of substrates such as ERK2.57

Figure 1. Both JIP1 and MEKK1 can scaffold elements of the JNK MAPK pathway.
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By contrast, JIP1 is an example of a JNK signaling scaffold that lacks its own kinase activity.
Initially identified through yeast two-hybrid screening, it was described as being able to sup-
press JNK activity.58 Further analysis of this molecule, under different assay conditions, re-
vealed that it can bind and activate elements of the JNK MAPK pathway, and comprises a
family of molecules that can scaffold components of the JNK and p38 MAPK pathways.45,59

JIP1 was shown to interact with: MLK, MKK7 and JNK, scaffolding the cascade in a similar
manner to MEKK1.36 Interestingly, JIP1 can recruit the phosphatase MKP760 and the kinase
AKT-1.61 This indicates, perhaps, how the scaffold can both enhance, by bringing the kinase
cascade components into close proximity of each other and recruiting upstream activators,61

and suppress, through dephosphorylation by MKP7,60 JNK signaling. JIP1 can also interact
with the kinesin motor protein, Kinesin-1,62 and this may well account for the localization of
JIP1 to neuronal growth cones.63

Targets for JNKs
The JNKs are targeted to their substrates by motifs termed D domains, a peptide sequence

that is comprised of both basic and hydrophobic residues, with the consensus sequence: (K/
R)2-3-X1-6-ϕ-X-ϕ.64 This sequence has been identified in many, though not all (for example
PEA-1565,66), MAPK binding partners, and verified through both deletion and point mu-
tagenesis,10 and by co-crystallography of MAPKs with D domain containing peptides.67 The
critical contacts between the JIP1 D domain and JNK1 lie in the hydrophobic residues present
in the D domain, and these interact with the MAPK docking groove.68 This is also found to be
the case for both p38 MAPK and ERK2.67 An ever growing plethora of JNK substrates have
been identified (see Table 1), and these substrates are involved in numerous intracellular func-
tions, including: apoptosis, cytoskeleton rearrangements, transcriptional activation, and pro-
tein ubiquitination (a recent review has described MAPKs and their substrates in detail69).

The Generation of JNK Knockout Mice Has Revealed Its Importance
in Mammalian Biology

JNKs in the Immune System and the Regulation of T Lymphocyte
Differentiation

Simultaneous cross-linking of the TCR, with antibodies to its CD3 subunit and the CD28
costimulatory receptor, results in a rapid and robust activation of JNKs and c-Jun phosphory-
lation, on serines 63 and 73.9 Engagement of either receptor alone has only a minor effect on
JNK activity. It was, therefore, not a surprise when JNK knockout mice were found to have
defects in T cell functions. Although thymic development and positive selection of T cells
within the thymus are largely unaltered in Jnk1-/- or Jnk2-/- mice, the JNKs may play a role in
the depletion of thymocytes and in activation induced cell death.70,71 The most striking T cell
phenotypes exhibited by JNK-deficient mice relate to the extra-thymic differentiation of CD4+

T cells.72

CD4+ T helper (Th) cells undergo differentiation into two distinct classes of effector T
cells, depending on their profiles of secreted cytokines. Th1 cells are defined as those that
secrete the cytokines: Interferon-γ (IFN-γ), and TNF-β. The main role of these T cells is in
controlling immune system responses to viral infections and intracellular pathogens, whose
antigens are presented via class II MHC molecules.73 Th2 cells, by contrast, are characterized
by the secretion of Interleukins: 4, 5, 9, 10, 11 and 13,72 and are involved in orchestrating
humoral immune responses to extracellular pathogens, whose antigens are presented via class I
MHC molecules.73 CD4+ T cells from Jnk1-/- mice were found to be polarized towards a Th2
profile of secreted cytokines, after undergoing in vitro differentiation.74 By contrast, Jnk2-/-

mice have a T lymphocyte phenotype of a polarized Th1 response, but a normal Th2 response.75

Perhaps surprisingly, Jnk1-/-/Jnk2-/- double knockout T cells, generated by in vitro differentia-
tion of double mutant embryonic stem (ES) cells, show polarization towards Th2 cytokine
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secretion, similar to Jnk1-/-T cells.76 Similarly, Jnk2-/- T cells that express dominant negative
JNK1 display the same Th2 polarization as Jnk1-/- single knockout CD4+ T cells.76 Neither of
the T cells derived from these two sources is defective in IL-2 cytokine production, a cytokine
important in T cell proliferation. Thus, a clear role has been shown for JNKs in controlling the
balance of CD4+ Th cell differentiation, though they do not appear to play a significant role in
naïve Th cell activation.77

More recently, defects in CD8+ T cells from Jnk deficient mice were found following im-
munization with viral particles.78,79 As with CD4+ T cells, the phenotypes of CD8+ T cells
derived from either Jnk1-/- or Jnk2-/- mice are divergent. CD8+ T cells from Jnk1-/- mice were
found to proliferate to a lesser extent than those from Wild-type (WT) mice following viral
challenge.78,79 By contrast, Jnk2-/- mice show increased numbers of CD8+ T cells following
viral infection.78,79 Why CD8+ T cells behave very differently from CD4+ T cells in respect to
the functions of JNK1 and JNK2 is currently unknown.

One answer to this puzzle may lie in the effects on Jun family members, the transcription
factor substrates of JNKs, and some of these are key regulators of T cell differentiation in vivo.
The JunB protein was found to be important for the production of Th2 effector cells. Its
absence prevents Th2, but not Th1 differentiation,80 and its overexpression pushes naïve CD4+

T cells towards a phenotype without a marked effect on Th1 differentiation.81 The genetic
analysis of the JNK activating kinases, MKK4 and MKK7, is complicated by the embryonic
lethality associated with their absence.82 However, radiation chimeras reconstituted with
MKK4-/- hematopoietic cells exhibit abnormalities in their peripheral T cell population,83 and
deficient TCR signaling and apoptosis.84 A similar analysis revealed that the loss of MKK7
results in thymocyte hyperproliferation.85

Table 1. JNK substrates and their cellular functions

JNK Substrate Cellular Function Reference

IRS-1 Insulin signaling 91
Bcl-2 Apoptosis 106
Bcl-XL Apoptosis 107
Bim Apoptosis 108
Bad Apoptosis 109
DENN/MADD Death domain/ neuronal signaling 110
NFATc1 Transcription factor 111
ATF2 Transcription factor 112
c-Jun Transcription factor 11
STAT3 Transcription factor 113
p53 Transcription factor 114
Elk-1 Transcription factor 115
Net Transcription factor 116
p90RSK Transcription factor 117
JunB Transcription factor 10
p66ShcA Adaptor 118
LAT Adaptor 119
Sab Mitochondrial protein 120
Paxillin Cytoskeleton 104
MAP1/ MAP2 Cytoskeleton 100
TAU Cytoskeleton 121
Itch E3 ubiquitin ligase 87
Heat shock factor-1 Heat shock 122
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MEKK1 kinase-deficient mice (Mekk1∆KD)86 also display aberrant Th cell differentiation of
CD4+ T cells, and exhibit much lower levels of JNK activity after engagement with anti-CD3
and anti-CD28 compared to WT mice. Correspondingly, these MEKK1-deficient T cells show
a very strong Th2 bias during in vitro differentiation,87 similar to the one exhibited by T cells
from Jnk1-/- mice,88 or JunB overexpressing CD4+ T cells.81 Interestingly, Mekk1∆KD/∆KD CD4+

T cells have elevated levels of JunB expression, suggesting that the JNK cascade is involved in
the control of JunB abundance through the regulation of Itch activity.87

JNK1 Controls Obesity and Insulin Signaling
Outside of the immune system, the JNKs also play an important role in metabolic con-

trol.89 Consumption of a high fat diet (HFD) or genetic obesity interfere with proper insulin
signaling and lead to a condition termed insulin resistance, that if left untreated, can result in
type II diabetes.89 It was suggested that the down-modulation of insulin signaling is due to the
production of low levels of inflammatory mediators, which activate a protein kinase cascade
that leads to phosphorylation of Insulin Receptor Substrate (IRS1), an essential adaptor for
Insulin Receptor (IR) signaling.89 Normally, the binding of insulin to IR results in IRS1 phos-
phorylation on tyrosine residues, a modification that is required for recruitment and activation
of various effectors.90 However, in response to obesity or inflammation, IRS1 becomes phos-
phorylated at serine 307, a modification that interferes with its recruitment to the IR and
subsequent phosphorylation on tyrosine residues.91 It was demonstrated that, in vitro, JNKs
can phosphorylate IRS1 on serine 307, and that this correlates with reduced IR-mediated IRS1
tyrosine phosphorylation.92 The known ability of the JNKs to undergo activation in response
to proinfamatory cytokines, such as TNF-α or IL-1,13 suggested that they may be involved in
phosphorylation of IRS1 serine 307, a proline-directed phosphorlyation site. Indeed, Jnk1-/-

mice were found to be much more responsive than WT mice when placed on a HFD, or even
after crossing to genetically obese mice.93 In addition, Jnk1-/- mice show reduced fat build up,
suggesting an additional role for JNKs in the control of fat disposition or adipocyte differentia-
tion. Jnk2-/- mice, by contrast, appear indistinguishable from the WT.

Importantly, tissues isolated from Jnk1-/- mice placed on a HFD show much lower levels of
IRS1 serine 307 phosphorylation than tissues from similarly treated WT mice.93 It is also of
interest that mutations in the Jip1 gene have been found in patients with a genetic form of type
II diabetes.94 This suggests that a JIP1 organized JNK1 cascade plays an important role in the
regulation of insulin signaling.

JNKs and Neuronal Functions
JNKs have a well-documented function in the mammalian nervous system. In mouse em-

bryos JNK1 and JNK2 are expressed in neuronal tissues after embryonic day (E) 7, and JNK3
is seen from around E11.95. Expression is found to be high in both the fore and hind-brain
regions of mice. Despite the high, and restricted, expression of JNK3 in the neuronal tissues in
comparison to the other JNKs, Jnk3-/- mice have a brain that appears morphologically nor-
mal.96 However, these mice, but not Jnk1-/- or Jnk2-/- single knockouts, are resistant to treat-
ment with excitotoxic agents, such as kainic acid, which cause seizures and increased apoptosis
of hypocampal neurons. These observations may prove relevant to Parkinson’s disease and other
neurodegenerative disorders in humans, because Jnk3-/- mice treated with the neurotoxin
1-methyl-4-phenyl-1,2,4,6 tetrahydropyridine (MPTP), that replicates many of clinical symp-
toms seen in Parkinson’s syndrome, including loss of tyrosine hydroxylase positive nigral cells,
show much lower levels of neuronal cell death.97 Surprisingly, this resistance is also observed in
Jnk2-/- mice. Indeed, the Jnk2-/-/Jnk3-/- double knockout animals exhibit an even greater level of
resistance to MPTP than either of the single knockouts.97 Also, the JNKs have been demon-
strated to be involved in cerebral ischemia-hypoxia brought about by carotid artery ligation
and hypoxia.98 In this animal model elevated JNK activation, and caspase cleavage, were ob-
served. When subjected to this experimental model Jnk3-/- mice were found to display resis-
tance to cerebral ischemia–hypoxia, in comparison to WT, Jnk1-/-, or Jnk2-/- mice.99
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Although the Jnk1-/- or Jnk2-/- mouse brain initially appears normal, a detailed study exam-
ining the development of the nervous systems in these mice revealed that the axons forming the
anterior commissure are absent in Jnk1-/-, but not in Jnk2-/-

 mice, after 2 to 3 months of age.100

These findings led to the discovery of progressive neurite degeneration in Jnk1-/- mice, which is
associated with a shortening of neuronal microtubules.100 This defect is due to a deficiency in
phosphorylation of the MAP1 and MAP2 microtubule associated proteins that maintain mi-
crotubule stability. These proteins are phosphorylated more efficiently by JNK1 than JNK2,
and JNK1-dependent phosphorylation enhances their interaction with microtubules.100 An-
other JNK-dependent neuronal function was revealed by Jnk1-/-/Jnk2-/- double knockout mice,
which die at around E11, and these develop, during embryogenesis, hind-brain exencepthaly
due to defective neural tube closure.95 Increased caspase activation, and apoptosis, are seen in
critical parts of the forebrain from around E10.5 of embryogenesis, though this cell death is
not observed in the mid- or hind- brain of these mice. The neural tube closure defect found in
the Jnk1-/-/Jnk2-/- double knockout embryos may then be explained, in part, by the reduced
levels of apoptosis found in regions of the hindbrain folds.95 Thus, JNKs may critically play
both pro- and anti-apoptotic roles in the developing mammalian nervous system.

JNKs Are Required for Mammalian Eyelid Fusion, Keratinocyte Migration,
and Wound Healing

During mammalian embryogenesis the eyelids fuse in a process reminiscent of dorsal clo-
sure seen Drosophila melanogaster, which is known to be JNK-dependent.101,102 As with Droso-
phila, a critical role has been found for JNKs in mammalian eyelid fusion during embryonic
development. In mice eyelid fusion begins at E15.5 to E16.5. Interestingly, MEKK1 is highly
expressed at the growing edge of the eyelid and loss of its catalytic activity disrupts the fusion
process causing the Mekk1∆KD/∆KD mice to be born with an Eye Open at Birth (EOB) pheno-
type.86 Mechanistically the eyelid fusion process, like dorsal closure in Drosophila, involves the
fusion of two migrating epithelial sheets.103 This migratory process is associated with the for-
mation of F-actin cables, and is found to be defective in the eyelids of Mekk1∆KD/∆KD mice.86 A
similar defect in migration and F-actin polymerization is seen in cultured keratinocytes in
which these processes were induced by incubation with TGF-β (or its family member activin).
Interestingly, Mekk1∆KD/∆KD keratinocytes migrate normally in response to TGF-α, which ac-
tivates the EGF receptor.86 These results indicate that MEKK1 is required for the transmission
of signals generated at TGF-β receptors. These signals are transmitted to JNK, whose activa-
tion is required for F-actin polymerization. This can be inferred from the defective JNK activa-
tion seen in keratinocytes and eyelids of either Mekk1∆KD/∆KD mice or Mekk1+/∆KD/Jnk1+/- double
heterozygote mice. This phenotype is not found in single heterozygote mice, which have nor-
mal activation of JNKs.86 TGF-β-induced F-actin polymerization is also blocked by the low
molecular weight JNK inhibitor. Biochemically, the mechanism by which JNK stimulates F-actin
polymerization may lie in the phosphorylation of paxillin.104 JNKs phosphorylate paxillin, a
focal adhesion associated protein, at serine 178, and mutation of this residue inhibits cell mi-
gration when introduced into cell lines.

Perspectives
Ten years after their initial discovery and cloning, our knowledge of JNKs role in the mam-

malian physiology has greatly increased through both genetic and biochemical investigations.
The JNKs have a large number of intracellular targets, and, by phosphorylation of their sub-
strates, regulate numerous cellular processes. Knockout mice have proved to be one of the most
important tools in elucidating the physiological role of JNKs. Investigations using Jnk defi-
cient mice, have, so far, identified roles for this family of MAPKs in: neuronal tissues, eyelid
fusion during embryogenesis, obesity and insulin resistance, and T cell differentiation. Jnk
knockout mice will, most likely, continue to be key in the identification of additional roles for
JNKs in the mammalian biology.
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CHAPTER 2

Regulation of JNK by Small GTPases
Maria Julia Marinissen* and J. Silvio Gutkind

The Ras Superfamily of Small GTPases

The ras oncogene was first isolated as the transforming sequence encoded by the genome
of highly tumorigenic retroviruses.1 Subsequently, activating mutations in the three
human ras genes, H-ras, K-ras and N-ras were detected in many frequent human can-

cers, including those of the lung, colon, urinary bladder, gall bladder, and pancreas.2 The cellu-
lar ras genes encode proteins of 21 kilodaltons that bind guanine nucleotides,3,4 and are inac-
tive when bound to GDP, but become activated upon exchange of this nucleotide for GTP
when stimulated by guanine nucleotide exchange factors (GEFs). In turn, the GTP-bound
forms of Ras proteins control the activity of their specific downstream effector molecules, until
Ras signaling is terminated by the hydrolysis of GTP to GDP, a process that is accelerated by
the action of GTPase activating proteins (GAPs) that stimulate the intrinsic GTPase activity of
Ras.5 Thus, Ras proteins function as regulated binary molecular switches, depending whether
they are bound to GDP (off state) or GTP (on state), and their activity is tightly controlled by
the coordinated regulation of GEFs and GAPs.5 Additionally, for some members of the Ras
superfamily their GDP-bound state can be stabilized by GDP-dissociation inhibitors (GDIs),
which thus act as negative regulators (Fig. 1). Mutations in some key residues, such as single
amino acid substitutions in codons 12, 13 or 61, can render Ras proteins resistant to the effects
of GAPs, thus remaining persistently activated and unmasking their transforming potential.2

K-Ras, H-Ras, and N-Ras are the prototypes of what is now known to be a large superfamily of
small GTPases that includes over 100 members, which can be divided in eight distinct branches
according to their sequence identity and protein function: Ras, Rab, Rho, Ran, Gem/Rad,
Gie1/2, Sar, and Arf/Arl.6,7 These small GTPases have been linked to a wide variety of cellular
responses, ranging from vesicular protein trafficking by the Rab and Arf families to signal
transduction by the Ras and Rho families.6 In particular, the Ras family transduces prolifera-
tive signals from growth factors and their receptors to the regulation of genes involved in cell
proliferation and differentiation in organisms as diverse as yeast, fly, and mammals. One of the
most studied molecular events initiated by Ras is the activation of the p42 and p44
mitogen-activated protein kinases (MAPKs), that are also known as extracellular regulated
kinases 2 and 1 (ERK2 and ERK1), respectively.8,9 In this pathway, Ras is the first molecule
activated by a number of cell surface receptors, including tyrosine-kinase polypeptide growth
factor receptors and G protein-coupled receptors (GPCRs), through Ras specific GEFs, such as
Sos and Ras-GRF.5,10,11 In the GTP bound form, Ras initiates the activity of a cascade of
cytoplasmic kinases by binding and recruiting to the membrane the serine-threonine protein
kinase c-Raf12,13 or its related isoforms, A-Raf and B-Raf, which then phosphorylate the dual
specificity MAPKKs, MEK1 and MEK2, which subsequently activate the MAPKs ERK1 and
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ERK2. These MAPKs translocate to the nucleus and phosphorylate transcription factors in-
volved the regulation of growth promoting genes (Fig. 2) (for review see ref. 8).

The elucidation of the sequential assembling of the molecular components of the Ras-ERK
cascade and the ultimate effects of ERK on nuclear events controlling gene expression repre-
sented one of the first examples of a molecularly defined pathway capable of transmitting
mitogenic signals initiated at the level of the plasma membrane to the nucleus, thereby pro-
moting normal and aberrant cell growth. Indeed, activated forms of Ras, Raf or even MEK
were sufficient to induce a transformed phenotype in cultured cells, and oncogenic forms of
Ras that can not bind Raf and consequently are unable to affect ERK1/2 activity, lacked trans-
forming activity.14 However, other effector domain mutants of Ras that activate the ERK1/2
pathway fully were defective in their transforming capacity, thus raising the possibility of that
additional Ras effector molecules might be required for its proliferative response.14

In this regard, early in 1990, Kyriakis et al identified a protein kinase that was activated in
liver in response to cyclohexamide exposure.15 In the subsequent four years, independent ef-
forts revealed that this kinase phosphorylates the transcription factor c-Jun,16 that it belonged
to the MAPK group of proline-targeted serine/threonine protein kinases17 and that it can be
activated by U.V. light and H-Ras.18 Thus, this kinase, termed c-Jun N-terminal Kinase, JNK,
or Stress Activated Protein Kinase, SAPK, represented a raising star in the ever evolving signal
transduction galaxy. Given the fact that, like ERKs, JNK also translocates to the nucleus and
phosphorylates transcription factors, it became almost a given to think that JNK might repre-
sent the “missing link” between Ras and nuclear responses, and that JNK was most likely
activated by Ras through a kinase cascade similar to that leading to ERK activation. Soon after,
however, the emerging experimental evidence started to suggest that this was not strictly the
case.

Rac and Cdc42 Take the Center Stage
Unexpectedly, new studies showed that H-Ras did not activate JNK fully.19 Moreover, sev-

eral agonists know to act on the Ras-ERK pathway in certain cell types were ineffective to
activate JNK.17,20 Conversely, TNFα and IL-1 behaved as potent activators of JNK but had

Figure 1. The Rho GTPases on/off switches. Transition between GDP-bound inactive and GTP-bound
active states of Rho GTPases is regulated by the action of guanine nucleotide exchange factors (GEFs),
GTPase activating proteins (GAPs) and GDP-dissociation inhibitors (GDIs). GEFs and GAPs can be
regulated by phosphorylation or binding to scaffolding and regulatory molecules upon stimulation.
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only a poor effect on ERK1/2.17 In this exciting scenario, the observation that Raf did not
activated JNK whereas another MAPKKK, MEKK1, acted as a positive modulator of the path-
way,19 suggested that additional, yet to be identified signaling routes regulating JNK might
also exist.

At that time, PAK, a kinase similar to Ste20p, a member of a defined MAPK pathway in
yeast, was found to bind Rac and Cdc42, two members of the Rho family of small GTPases.21

This finding prompted our group to explore whether these Rho proteins, up to that time
believed to be primarily involved in the reorganization of the actin cytoskeleton,22 were able to
stimulate biochemical routes leading to JNK activation. Indeed, by the transient transfection
of tagged JNK1 and ERK2 with activated mutants of Rac and Cdc42 in Cos-7 cells, we were
able to show that these two GTPases activate JNK potently, but not ERK.20 Similarly, expres-
sion of Ost and Dbl, two oncogenic GEFs for Rho proteins, was sufficient to trigger the strong
activation of JNK without stimulating ERK, whereas dominant negative forms of Rac and
Cdc42 blocked JNK activation by EGF. These results were further supported by the fact that
RhoGDI and p190RhoGap, two molecules that inhibit Rac and Cdc42 activities, were capable
of blocking the activation of JNK by Ost and Dbl.20 Similar results were obtained by others
using HeLa cells, who also observed that Rac stimulated the activity of SEK, a JNKK known to
directly phosphorylate and activate JNK.23 The emerging picture from these studies was that in
mammalian cells, Rac and Cdc42 could initiate the activity of a linear signaling pathway

Figure 2. The Ras-ERK and the Rac/Cdc42 signaling modules. Activated Ras, by means of a cascade that
activates Raf and MEK, induces the activation and nuclear translocation of ERK. Activated Rac and Cdc42,
utilize different effectors such as PAK, MEKK, and MLKs to induce JNKKs and JNK. The signal specificity
is provided by the nature of particular scaffolding proteins. Upon nuclear translocation, both ERKs and
JNKs are capable of phosphorylating and activating transcription factors. Dashed arrows indicate putative
interactions or activations.
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leading to JNK activation, most likely through PAK, MEKK, and SEK, independently of the
signaling route connecting Ras to ERK (Fig. 2).

Although all initial experiments were carried out in transient or stable overexpression sys-
tems, the key role for Rac and Cdc42 in signaling to JNK in vivo has now been extensively
documented. A clear example comes from the molecular dissection of the dorsal closure pro-
cess during embryogenesis in Drosophila, where genetic studies have shown that this mecha-
nism requires dRac1, acting upstream of a kinase cascade that activates the protein product of
basket, the Drosophila JNK homolog.24 Extensive examples are also available in mammalian
cells. In particular, many cell surface receptors converge to stimulate GEFs for Rac and Cdc42
thereby stimulating JNK. One interesting example of a GEF whose specificity was discovered
by virtue of its ability to stimulate JNK is Vav1. Vav was initially identified as an oncoprotein25

and thought to act as a Ras-GEF. However, oncogenic forms of Vav1 were shown to stimulate
JNK potently but not ERK.26 Indeed, further studies revealed that Vav1 acts as a
tyrosine-phosphorylation dependent GEF primarily for Rac.27 In this scenario, complex
multimeric cell surface receptors, such as the T-cell receptor and the IgE receptor, that activate
nonreceptor tyrosine kinases, or growth factor receptors exhibiting intrinsic tyrosine kinase
activity, such as those for epidermal growth factor (EGF) and platelet-derived growth factor
(PDGF), can promote the phosphorylation in tyrosine residues of Vav1, or its related GEFs,
Vav2 and Vav3, which then stimulate Rac and other Rho GTPases leading to JNK activation
and the expression of JNK-regulated genes.28 Interplay between receptor and nonreceptor ty-
rosine kinases may also exist. For example, the full activation of Vav2 by PDGF when acting on
its cognate tyrosine-kinase receptor requires Src to initiate the activation of a Rac-dependent
pathway that controls the expression of the c-myc proto-oncogene and cell transformation.29

On the other hand, oncogenic forms of Src activate Rac potently, and this activation is medi-
ated by the phosphorylation of Vav2 and another unrelated Rac-GEF, Tiam, resulting in the
stimulation of JNK.30 Another example is the effect of the G protein-coupled receptor agonist
endothelin A, which activates Src and induces the phosphorylation of FRG, a Cdc42-specific
GEF, and that leads to the stimulation of JNK via Cdc42.31

Ras-Rac/Cdc42 Hierarchical Relationships and Guanine Nucleotide
Exchange Factors (GEFs)

Whether Rac and Cdc42 act downstream from Ras has been a matter of great interest. As
such, Rac is required for Ras-mediated cell transformation and epistatic analysis placed Rac as
a key downstream target in Ras proliferative signaling (for review see ref. 32). However, the
biochemical mechanism regulating the cross-talk among these small GTP-binding proteins
remains to be fully elucidated. Regarding the pathway by which Ras participates in JNK activa-
tion, recent studies have begun to shed new light into this issue. Indeed, although tyrosine
kinase receptors can cooperate with Src and Src-like kinases to stimulate Vav and consequently
activate Rac and JNK, in some cases the function of Ras or Ras GEFs are required for the full
activation of Rac by growth factors. For example, the EGF receptor, EGFR, can phosphorylate
Eps8, which binds an adaptor protein known as E3b1/Abi-1. Eps8 and E3b1 can then form a
complex with Sos that exhibits Rac GEF activity in addition to its best known Ras-GEF activ-
ity, thereby coordinating the activation of Ras and Rac by EGFR.33 Sos can also gain the ability
to stimulate Rac through its DH domain as a consequence of the potent activation of PI3K by
Ras.34 Alternatively, Ras can bind directly to a Rac GEF, Tiam-1, through a Ras-binding do-
main, thereby enhancing the accumulation of Rac-GTP and promoting membrane ruffling
and JNK activation.35 The emerging picture from these studies is that growth factor receptors
may utilize multiple mechanisms to stimulate Rac, some of which require the coordinated
activation of Ras. In turn, Ras may stimulate Rac activation by complementary mechanisms
that include the direct activation of Rac GEFs, such as Tiam-1, and the concomitant stimula-
tion of the Rac GEF activity of Sos and other Rac GEFs through the enhanced accumulation
of the lipid products of PI3K activity.
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The Pathway Linking Rac and Cdc42 to JNK

PAKs
Several groups have observed that members of the PAK family of serine/threonine protein

kinase can mediate activation of JNK by Rac and/or Cdc42.36-38 The mammalian PAKs have
been divided into two groups. Group I comprises PAK1, 2 and 3, and they are structurally
similar but differ with respect to their tissue distribution: pak1 is expressed in the brain, muscle,
and spleen; pak2 is ubiquitously expressed; and pak3 is expressed primarily in the brain. The
group I is activated by Rac and Cdc42 upon binding to their N-terminal Cdc42 and Rac
binding (CRIB) domain, which relieves the autoinhibitory activity of the N-terminus. After
unfolding, PAK autophosphorylates on threonine 423 (for PAK1) within the activation loop
of the kinase, and this phosphorylation prevents the refolding and consequent auto-inhibition,
even in the absence of bound GTPase (for review see ref. 39). In turn, PAK regulates actin
organization by inducing the formation of polarized filopodia and membrane ruffles,40 similar
to that provoked by the expression of Cdc42 and Rac, suggesting that PAK acts as an effector
molecule in the pathway linking these small G proteins to the regulation of the actin-based
cytoskeleton.

However, the regulatory mechanisms controlling localized PAK activity are likely more
complex, reflecting the dynamic nature of the cytoskeletal changes that are required for cell
motility. For example, the Drosophila homolog of PAK1, dPAK was found to colocalize with
dynamic actin structures in focal adhesion complexes.41 In line with this observation, mamma-
lian PAK can be targeted to focal adhesion complexes through its interactions with the Rac
exchange factor PIX, which indirectly binds FAK (focal adhesion kinase). Through these inter-
actions, cell surface receptors that utilize FAK to transduce signals, such as integrins, can con-
trol localized Rac and PAK activity, and the cytoskeleton dynamics.42 In addition, a particular
Rac exchange factor, Trio, has been shown to regulate PAK activity during photoreceptor axon
pathfinding in Drosophila.43 Thus, a large body of experimental information suggests that PAK
represents a key mediator of the ability of Rac and Cdc42 to promote cytoskeleton changes.44,45

Whether JNK acts downstream of PAK in the pathway by which Rac and Cdc42 regulate the
reorganization of the cellular actin is still unclear. For example, a recent publication shows that
although dPAK is required for integrity of the cytoskeleton at the leading edge during dorsal
closure, it does so by a mechanism that does not require JNK.46

The Group II PAKs (PAK 4, 5 and 6) are highly related to each other, exhibiting 75%
similarity in their kinase domains, but are quite different from the Group I PAKs.39 They also
have a Rac/Cdc42 binding domain that is distinct from the CRIB found in the group I, and
they lack an autoinhibitory region. Contrary to Group I PAKs, binding to activated GTPases
does not stimulate their kinase activity in vitro, which indicates that the Group II PAKs are
differently regulated. Although these kinases can mediate the effects of small GTPases on the
cytoskeleton, more limited information is available on their activity towards the JNK pathway.
For example, PAK4 binds Cdc42 preferentially and its overexpression induces actin polymer-
ization and the formation of filopodia. However, although it activates JNK, this activation is
somehow weaker than that provoked by Rac and Cdc42.47 On the other hand, PAK5, a
brain-specific PAK, promotes filopodia and neurite outgrowth and these biological effects ap-
pear not to be mediated by JNK.48 Thus, the ability of small GTPases to promote cytoskeletal
changes through Group I and Group II PAKs can be often dissociated from their stimulatory
effect on JNK.

A more complex picture appears to emerge when analyzing the transforming activity of
small GTPases. For example, Rac requires PAK to induce transformation in Rat-1 fibroblasts
but not in NIH 3T3 cells49 and a kinase-deficient mutant of PAK1 inhibits Ras transforma-
tion.50 Moreover, Rac has been recently identified as one of the downstream effectors of the
Kaposi’s sarcoma-associated herpes virus GPCR during cellular transformation,51 and PAK1
acts as a downstream target of Rac in the pathway by which this viral GPCR stimulates NFκB,52
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but not JNK (unpublished results). In this regard, although JNK activity has been linked to cell
transformation (for review see ref. 53), its role as a target of Pak in this event is not clearly
defined. For example, in Ras-induced Schwann cell transformation, dominant negative forms
of PAK1 prevent this effect without affecting JNK activity.54 Similarly, Rac3 can regulate the
aberrant proliferation of breast cancer cells by a PAK-dependent pathway, but the expression of
an interfering PAK1 fragment into a breast cancer cell line revealed that active Rac3 promotes
PAK1 and JNK activities by two separate pathways. Only the Rac3-PAK pathway was critical
for DNA synthesis and tumor growth independently of JNK.55 Thus, studies on cell growth
promotion by small GTPases suggest that PAK and JNK are not part of the same signaling
route.

Aligned with this possibility, expression of individual GEFs in Cos-7 cells showed that their
ability to activate PAK1 could be dissociated from their stimulatory activity on JNK, even
though these GEFs act on Rac and/or Cdc42 to stimulate both pathways.56 On the other
hand, effector domain mutants of Rac and Cdc42 revealed that their ability to induce mem-
brane ruffles and filipodia, respectively, involves residues that are required to interact with
PAK, but Rac effector mutants that do not bind or activate PAK are nonetheless still able to
stimulate JNK.57 Together, these studies suggested that small GTPases can stimulate JNK by
PAK-independent mechanisms.

MLKs
Consistent with the observation that PAK activates JNK only to a limited extent,37,38 our

group found that wild-type PAK does not cooperate with activated forms of Rac and Cdc42 to
stimulate JNK.58 In search for alternative candidates to mediate the activation of JNK by small
GTPases, we used bioinformatic tools to identify additional CRIB-domain containing kinases,
which led to the identification of mixed lineage kinase 3 (MLK3) as a putative candidate.58

Further experiments demonstrated that MLK3 can act downstream of Rac and Cdc42 and
upstream of SEK, also known as MKK4, thereby defining a linear kinase cascade by which
these GTPases activate JNK.58 Indeed, studies in fly have demonstrated that a similar cascade
acts downstream from dRac in the dorsal closure process. This signaling route includes the
MKKKK misshapen (Msn) and the Drosophila MLK homolog slipper (Slpr), which stimulate
the dJNKK hemipterus (Hep) and subsequently dJNK, known as basket (Bsk) (for review see
ref. 59). MLK3 belongs to a family of serine/threonine kinases that based on sequence similari-
ties in their catalytic domain are clustered into three groups. The first group, the MLKs
(MLK1-4), contains an amino-terminal src-homology 3 domain (SH3 domain), a kinase do-
main, a leucine zipper region, and a CRIB domain. The second group, the DLKs
(dual-leucine-zippers-bearing kinases) that include LZK, exhibits a kinase domain followed by
two leucine zipper. Finally, the ZAKs (zipper sterile-α-motif kinase) have both a leucine zipper
and a sterile-α-motif (SAM) that is thought to mediate dimerization. All of them active JNK
when overexpressed, and some of them can also act on p38 (for review see ref. 60). The CRIB
domain present in the MLK group has been shown to bind Rac and Cdc42.61 For MLK3, this
interaction is thought to disrupt autoinhibitory interactions between MLK3 domains and to
localize this kinase to specific subcellular compartments. Such is the case of MLK2 that colocalizes
with JNK in punctuate structures along microtubules.62

The selectivity of MLKs for the JNK pathway may reside, in part, in the fact that MLK2,
MLK3, DLK, and LZK have been all shown to associate with members of the JIP1 family of
JNK binding proteins. Thus, JIP1-related proteins act as scaffolds organizing the assembly of
specific kinase modules that act on each JNK isoform. Indeed, JIP1 binds MKK7 but not
MKK4 (SEK), and JIP3 interacts with MLK3, MKK7, and JNK1/3, whereas its splice variant,
JSAP, associates with MEKK, MKK4 and JNK1/2 (for review see ref. 53). Clearly, there ap-
pears to be a distinct specificity for each of these pathways, but how Rac and Cdc42 can choose
to activate each of these effector modules upon stimulation is not known. In this regard, one
likely mechanism determining signaling specificity may reside in the fact that some exchange
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factors may act themselves as scaffolds, thereby promoting the selective formation of particular
signaling complexes. For example, Tiam1 interacts directly with JIP2, a scaffold for MLK3 and
p38.63 On the other hand, the ability to interact with these scaffolding molecules may also
enable the activation of MLKs and JNKs without the requirement to activate Rho GTPases. As
such, C3G, a GEF for the Ras-like GTPases Rap, binds JIP1 and activates JNK1 by a Ras and
Rac-independent mechanism that involves MLKs.64

MEKKs
MEKK1 was one of the first kinases shown to activate the JNK pathway but not the ERK1/

2 signaling route.19 It was also observed later that MEKK1 can bind JNK65 and that endog-
enous MEKK1 colocalizes with α-actinin in stress fibers and focal adhesions66 in regions where
also Rac and Cdc42 are found. All MEKKs, 1 to 4, regulate the JNK pathway but in contrast
to MEKK2 and MEKK3, MEKK1 and MEKK4 exhibit structural features by which they can
associate with Rac and Cdc42, as reflected by the observation that their kinase-inactive mu-
tants can block the stimulation of JNK by Rac and Cdc42.67 MEKKs activate JNK selectively
through MKK4 (SEK) rather than MKK7 and this specificity appears to depend on the prefer-
ential binding to scaffold proteins, such as JSAP or filamin (for review see ref. 53). However, it
is still not clear which MAPKKKs, MEKKs or MLKs, are relevant to each specific physiologi-
cal stimulus. This uncertainty reflects the likely functional redundancy among these kinases,
and the promiscuity of function often observed in overexpression and in vitro assays. In con-
trast, evidence for selectivity is now emerging from the systematic study of knockout animals
and cells (for review see ref. 8). For example, MEKK1 -/- embryonic stem (ES) cells display
normal activation of JNK in response to UV, heat shock, and anisomycin, but a dramatic
decrease in JNK activity in response to nocodazole, serum, cold stress, and LPA.68 Using a
different targeting strategy for MEKK1, other groups found that this protein was necessary for
the maximal JNK activation by growth factors, TNFα, IL-1, double-stranded RNA, and LPS.69

Emerging technologies such as the use of RNA interference may soon help clarify the require-
ments for each particular MAPKKK in JNK activation by distinct stimuli, including small
GTPases of the Rho family, in each cellular setting.

Other MAPKKKs
In addition to MLKs and MEKKs, several other MAPKKKs have been reported to activate

the JNK signaling pathway. These include members of the ASK group (ASK1 and ASK2),
TAK1, and TPL2. Interestingly, recent evidence suggests that ASK activates MKK4 by binding
β-arrestin, and that this leads to the formation of a complex with JNK and its activation.70

How Tpl2, also known as Cot, activates JNK is not known. Recent data indicates that Tpl2
forms a complex with hKSR-2 (kinase suppressor of Ras-2) and also coimmunoprecipitates
with many signaling components of the Ras/MAPK pathway, including Ras, Raf, MEK-1, and
ERK-1/2.71 Whether a similar interaction with components of the JNK pathway exists is not
yet known. Another MAPKKK, TAK1, has been characterized as a component of the TGF-β/
bone morphogenetic protein signaling pathway.72 TAK1 is also believed to be an important
component of intracellular pathways involved in host responses to physiological and/or envi-
ronmental stress signals during inflammation73 through the NIK-IKK-NFκB cascade.74 TAK1
participates in JNK activation as part of the ceramide-induced pro-apoptotic pathway75 as well
as in the pro-survival effect of IAP proteins.76 Indeed, studies in flies suggest that dTAK can act
as a JNKKK upstream of JNK in multiple contexts in the eye.77,78 However, loss-of-function
RNAi studies indicate that dTak is not strictly required for embryonic dorsal closure.78 In a
recent study, it was found that upon activation by IL-1, Ras becomes associated with IRAK,
Traf-6, and TAK-1, leading to the assembly of a multiprotein signaling complex that is re-
quired for p38 MAPK activation, rather than JNK.79 Thus, available information suggests that
TAK may mediate the activation of p38, and in some cellular contexts that of JNK, but that
this MAPKKK, as well as Ask1 and Tpl-2, are unlikely to participate in signaling from Rac and
Cdc42 to JNK.
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A Role for Rho in JNK Activation
RhoA, RhoB and RhoC form a distinct cluster within the Rho family of GTPases, based on

sequence similarity.80 RhoA, the most extensively studied of them, is best known for its
cytoskeletal effects, as expression of its activated mutants leads to the polymerization of actin
into typical actin-based structures known as stress fibers (for review see ref. 32). In contrast to
Rac and Cdc42, RhoA was found not to stimulate JNK or stimulated JNK poorly when
coexpressed with epitope tagged forms of JNK in HeLa23 or Cos-7 cells,20 respectively, thus
limiting the interest in exploring the possible contribution of RhoA to the activation of MAPKs
in mammalian cells. However, in yeasts, Rho1p, a RhoA homolog, interacts directly with PKC1
to trigger a MAPK cascade involved in bud formation,81 and in mammalian cells, RhoA was
found to interact with PKN, a PKC-related protein (Fig. 3).82 Based on these findings, we
reevaluated whether RhoA could stimulate MAPKs. Indeed, we found that in other cell types,
such as in HEK 293 cells, activated forms of RhoA, as well as RhoB and RhoC, could activated
JNK, and that this activation was independent of PAK1.58 In line with these findings, a

Figure 3. The Rho-JNK axis. G protein-coupled receptors can induce RhoA activity through RhoGEFs.
RhoA induces JNK by a ROCK-dependent mechanism that involves SEK and can also bind MEKK directly.
Whether ROCK activates SEK through MEKK is not known (dashed arrow). Through PKN and MKK3/
6, RhoA activates the MAPK p38γ (ERK6) analogously to a yeast pathway whereby Rho1 acting on the PKN
homolog PKC1, activates a p38 kinase cascade. The activation of these pathways results in the regulation
of gene transcription and diverse biological responses.
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RhoA-specific exchange factor, mNET1, was shown to stimulate the JNK signaling pathways
through RhoA.83 As for the ability of Rac to stimulate JNK, emerging information suggests
that the nature of the Rho GEF utilized to enhance Rho activity may have an impact on the
signal output once Rho is stimulated. For example, JIP-1 was shown to bind directly the p190
RhoGEF in differentiated neurons,84 thereby helping to assemble signaling complexes that
likely include kinases acting on JNK in particular subcellular locations. On the other hand, the
heterotrimeric G protein Gα12 stimulates JNK potently,85 and the pathway linking this G
protein to JNK was found to involve the activation of Src tyrosine kinases and RhoA.86

In contrast, studies exploring the mechanism by which RhoA stimulate the expression from
the c-Fos serum-response element (SRE) revealed that RhoA can enhance gene expression by
activating the transcriptional activity of the Serum Response Factor (SRF) by a biochemical
route that is independent from any known MAPK cascade.87 Instead, RhoA activates the SRF
by promoting actin polymerization through the activation of the serine/threonine kinase ROCK,
which in turn phosporylates and activates a kinase known as LIMK that phosphorylates and
inactivates the actin severing protein cofilin.88 This favors the accumulation of polymerized
actin, and the consequent decrease in the intracellular pool of monomeric actin, which appears
to repress SRF function by binding a transcriptional coactivator known as MAL.89 However,
the possibility still exists that these two activities initiated by RhoA, actin polymerization and
JNK activation, may be temporally and spatially coordinated.

In parallel studies addressing the mechanisms by which LPA controls the activity of tran-
scription factors regulating the expression of c-Jun, we observed that LPA can stimulate RhoA
to initiate the activity of a MAPK cascade resembling that previously shown in yeast. In this
case, RhoA activates PKN, which indirectly stimulate MKK3/6 to activate the MAPK known
as p38γ or ERK6 (Fig. 3). This MAPK phosphorylates the transcription factor MEF2 that
binds a MEF2 response element within the c-jun promoter thereby promoting c-jun expres-
sion (Fig. 3).90 Further work revealed the PKN itself forms a scaffold that binds and stimulates
a kinase known as MLTK or MRK,91 MKK3/6, and p38γ, thus providing the molecular basis
for the specific activation of this particular p38 isoform.92 In cardiac myocytes, RhoA can also
stimulate p38α, albeit by a still unclear mechanism, and in turn p38α activates MEF2 leading
to enhanced expression of atrial natriuretic factor (ANF) through GATA transcription fac-
tors.93

These findings and the likelihood that the expression of c-Fos and c-Jun could be coordi-
nated to stimulate the transcriptional activity of AP-1 complexes, which are formed by Jun and
Fos proteins, prompted us to examine whether ROCK, a kinase that acts as a downstream
target for RhoA, also played a role in the regulation of c-Jun expression. To our surprise, we
found that inhibition of ROCK diminished the expression of c-Jun in response to LPA or
RhoA activation. Furthermore, we found that RhoA could activate JNK through ROCK in a
variety of cell types, leading to the stimulation of the transcription factors ATF2 and c-Jun,
which subsequently activate the c-jun promoter (Fig. 3).94

The finding that RhoA can regulate JNK may have broad implications in a number of
physiological and pathological situations. For example, a recent study demonstrated that in
renal cell carcinoma, hypoxic conditions promote the activation of the RhoA-JNK pathway,
leading to the upregulation of the expression of the von Hippel-Lindau tumor-suppressor pro-
tein (pVHL).95 A good example of cell type signal specificity and integration has been observed
in keratinocytes. In these cells, matrix metalloproteinase-9 is induced in response to injury by
a mechanism that involved the selective activation of p38 by Rac and Cdc42 and JNK by
RhoA.96 As for Rac, multiple kinases may link RhoA to JNK, depending on the cell type under
investigation and the particular stimuli. As such, MEKK1 has been recently shown to bind
RhoA and p115 RhoGEF, which results in enhanced MEKK1 activity.97,98 Moreover, the regu-
lation of JNK by p115RhoGEF and Rho appears to mediate the ability of Gα13 to regulate
primitive endoderm formation through a route that involved MEKK1 and MKK4.99 Recep-
tors coupled to Gαq and activated forms of this heterotrimeric G protein α subunit also acti-
vate RhoA100 and JNK,101 and a dominant negative form of Rho (RhoA N19) blocks JNK
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activation,102 suggesting that Gαq-coupled receptors may utilize RhoA to stimulate JNK. Al-
though the specific Rho GEFs utilized by Gαq to activate Rho are still not fully defined, recent
findings support a role for one particular Rho GEF, p63 RhoGEF, in this signaling route.103

The pathway from RhoA to JNK appears to be evolutionarily conserved. For example JNK
has been shown to act downstream of RhoA in the pathway by which Frizzled regulates omma-
tidial polarity through Dishevelled during the morphogenesis of the eye in flies.104 Similarly, in
Xenopus laevis, paraxial protocadherin (XPAC) coordinates cell polarity during convergent
extension initiated by the Wnt pathway through RhoA and JNK. Indeed, loss of XPAPC func-
tion blocks RhoA-mediated JNK activation and cell polarity during this highly coordinated
developmental process.105

Others Small GTPases
Despite the central role for Rac, Cdc42, and Rho in the regulation of JNK, other related

GTPases can also initiate the activity of signaling pathways leading to JNK activation. For
example RhoG, which in spite of its name shares high sequence identity with Rac1 and Cdc42,
interacts in a GTP-dependent manner with MLK3, thereby promoting JNK activation.106

Interestingly, RhoG does not interact with other JNK activators such as PAKs.106 However,
RhoG can be directly activated by GEFs that also stimulate Rac and Cdc42, such as Vav2 and
Dbl, arguing that RhoG function may be stimulated concomitantly with Rac and Cdc42 acti-
vation and that RhoG may utilize a subset of effectors in common with these GTPases.106

TC10, which is also related to Rac and Cdc42, can stimulate the formation of long filopodia
and JNK.107 Another GTPase, Chp, which is highly related to Cdc42, was identified by a
two-hybrid screen in search for PAK2-interacting molecules. Chp is a 36 kDa protein that
exhibits 52% homology to Cdc42, and contains two additional sequences at its amino- and
carboxyl-termini that are not found in other GTPases. The amino-terminus contains a
poly-proline sequence, typically found in proteins binding Src homology 3 (SH3) domains,
and its carboxyl-terminus appears to be important for PAK2 binding. By microinjecting Chp
into cells, it has been observed that it is able to induce lamellipodia and to activate the JNK
cascade.108

Wrch-1 (Wnt-1 responsive Cdc42 homolog), another GTPase highly related to Chp, whose
mRNA level increases in response to Wnt-1 signaling in Wnt-1 transformed cells, shares 57%
identity with Cdc42. As for Chp, also known as Wrch-2, Wrch-1 has a unique N-terminal
domain that contains several putative PXXP SH3-binding motifs and can activate PAK-1 and
JNK, induce filopodia formation and stress fiber dissolution, and stimulate quiescent cells to
reenter the cell cycle phenocoping Wnt-1 in morphological transformation of mouse mam-
mary epithelial cells.109 Unlike Cdc42, Wrch-1 possesses an extremely rapid intrinsic guanine
nucleotide exchange activity and N-terminal truncation of Wrch-1 enhances its ability to inter-
act with and activate PAK and to cause growth transformation. Its N-terminus associates with
the Grb2 SH3 domain-containing adaptor protein, and this association increases the levels of
active Wrch-1 in cells, which suggests that Grb2 overcomes the negative regulation of the
N-terminus of Wrch-1 thereby promoting its nucleotide exchange and ultimately JNK activa-
tion.110 Thus, this atypical model of regulation of Wrch-1 broadens the repertoire of available
mechanisms for JNK activation by small GTPases.

In addition to Rho GTPases, some Ras-related GTP-binding proteins can also activate
JNK, albeit by a not fully elucidated mechanism. They include Ral, Rap2 and R-Ras. For Ral,
expression of its activated mutant in Drosophila causes developmental defects that are geneti-
cally suppressed by loss of function mutations of hemipterous (dJNKK) and basket (dJNK).111

Furthermore, activation of mammalian Ral by a Ral GEF, Rlf, can stimulate JNK potently,
leading to the phsophorylation of the transactivation domain of c-Jun.112 Of interest, Rlf is a
downstream target of Ras113 suggesting that Ral can participate in the activation of JNK by
oncogenic forms of Ras. Furthermore, Ral appears to mediate the activation of JNK by H2O2,
which results in the phosphorylation and nuclear translocation of the pro-apoptotic transcrip-
tion factor FOXO4.114 In the case of Rap2, in search for molecules mediating the activity of
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this Ras-related GTPase by a yeast two-hybrid screen, it was recently found that Rap2 can bind
MAP4K4, a member of the STE20 group of protein kinases that are distantly related to PAK
and MLK, which can stimulate the activity of JNK.115 MAP4K4 was found to interact with
Rap2 in a GTP-dependent fashion through its C-terminal citron homology domain but sur-
prisingly, it does not interact with Rap1 or Ras.115 Whether Rap2 mediates the activation of
JNK by extracellular stimuli or cellular stress is at the present unknown. On the other hand,
C3G, a GEF for Rap1 and R-Ras, has been shown to transduce the oncogenic signal form the
v-Crk oncogene product to JNK.116 Although initial studies focused on the possibility that
Rap1 mediated JNK activation, recent work has revealed that R-Ras, but not Rap1, mediates
JNK activation by v-Crk.117 The nature of the molecules by which R-Ras activates JNK is still
unknown. However, the R-Ras-dependent activation of JNK represents a critical component
of the transforming pathway by which v-Crk acts.117

Conclusion
The realization that small GTP-binding proteins of the Rho family can stimulate JNK has

provided a fascinating novel insight onto the biochemical routes by which numerous cell mem-
brane receptors regulate nuclear events, thereby controlling normal and aberrant cell growth.
Indeed, previously known primarily for their cytoskeletal effects, we now know that Rho pro-
teins are an integral part of signaling pathways linking receptors and oncoproteins to the nucleus.
As the complexity of the mechanisms by which these GTPases act began to unravel, we have
also learned that the relative contribution of Rac, Cdc42 and RhoA and their downstream
targets to the activation of JNK is likely to be cell type and stimulus-specific. In particular, the
membrane receptors involved and the repertoire of available molecules in each cell type may
determine the coupling specificity to each Rho GTPase and the selection of their effector
molecules. In this regard, emerging evidence suggest that the nature of the GEF utilized can
contribute to the specificity and duration of the activation of JNK and other MAPKs, as cer-
tain GEFs may favor the formation of specific molecular complexes based on their affinity and
accessibility to scaffolding proteins, MAPKKKs, MAPKKs, and MAPKs. This recruitment
and organization of distinct signaling complexes may ultimately dictate the choice of the inter-
vening molecules and the nature and multiplicity of their possible interactions, thus providing
the molecular basis for signal transduction specificity and the ability to integrate concomitant
incoming signals, which may act in a combinatorial fashion. Although adding an unexpected
layer of complexity to the study of signaling transduction through small GTPases, these mecha-
nisms may ultimately ensure distinct biological outcomes in response to different extracellular
cues. We can expect that ongoing high throughput efforts to systematically knock down pro-
teins involved in signal transduction in model organisms and cells, combined with an expand-
ing availability of genetically engineered animals lacking GEFs, GTPases, and their key down-
stream targets and regulatory molecules may soon help elucidate fully the complexity of the
biologically relevant mechanism by which Rho GTPases stimulate nuclear events through the
activation of JNKs and their related MAPKs.
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CHAPTER 3

Physiological Roles of the Different JNKs:
Lessons from the JNK Knockouts
Kanaga Sabapathy*

Abstract

Structural and functional similarities are frequently found among many proteins, and such
resemblance often suggests common modes of action or regulation. However, the
question that often remains unresolved is if such similar molecules are evolutionarily

conserved to perform exactly similar and redundant functions, or if they have specific and
different biological roles that have yet to be uncovered. One such family of proteins is the
c-Jun-N-terminal (JNK) kinases that are present ubiquitously in the organism. The JNK sub-
group consists of three members—JNK1, JNK2 and JNK3—which are highly homologous
and are present as multiple isoforms. Although combinatorial use of the various JNKs and their
upstream kinases are thought to lead to differential regulation of various cellular processes, the
specific roles of the JNK proteins were not clarified till the generation of the JNK mutant mice.
This review will thus attempt to summarize the specific and redundant roles of JNK proteins,
by analyzing the data obtained using the various JNK knockout mice.

Introduction
The c-Jun-amino-terminal kinase (JNK) was identified and purified in the early 1990s as

the protein kinase activity that was induced by cyclohexamide, and as the one that induced
c-Jun phosphorylation upon UV irradiation.1,2 Subsequent cloning efforts revealed the pres-
ence of three distinct JNK genes encoding at least ten isoforms.3-6 The three Jnk genes share a
very high degree of homology and are able to phosphorylate substrates such as c-Jun and ATF-2
to varying extents in vitro kinase assays.6 Hitherto, most in vitro studies have used c-Jun as the
model substrate to investigate the nature of JNK-substrate binding activity and specificity. All
three JNKs have been shown to bind to the delta domain of c-Jun and phosphorylate it on
serines 63 and 73, leading to its activation.4 Of the two, JNK2 has been shown to have a
twenty-five fold higher binding affinity for c-Jun than JNK1.4 However, many studies employ-
ing transient transfection experiments indicated that expression of any one of the Jnk genes
resulted in the phosphorylation of substrates, leading to the speculation that the Jnk genes are
redundant and play overlapping and probably similar roles. Meanwhile, it was established that
JNK activity was activated in various cellular processes and was found to be important in
transducing stress signals, such as those leading to apoptosis induction.7 However, the second
wave of studies trying to ascertain the role of the Jnk genes in apoptosis led to controversial
results. Overexpression of the JNK genes led to pro-apoptotic effects in some situations and
anti-apoptotic effects in others.8-10 This led to the speculation that the JNKs may have different
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properties in different cellular systems and perhaps depending also on the stimulating signal.
Nonetheless, the physiological role and the reason for the evolutionary conservation of such
highly similar genes were not addressed till the generation of the individual JNK knockout
mice by gene targeting in the late 1990s. This review will attempt to summarize the genetic
data obtained with the various JNK knockout mice, thereby highlighting the specific or com-
bined roles of the various Jnk gene products in various physiological processes. Specificity of
JNK substrates and regulation of JNK-mediated gene regulation are covered in the other re-
views in this book.

General Overview of the JNK Knockouts
Mice lacking JNK1, JNK2 or JNK3 were generated by two separate groups of investiga-

tors.11-15 Although expression analysis had indicated that JNK1 and JNK2 were expressed
ubiquitously whereas JNK3 expression was restricted to the adult brain and heart regions,5,16 it
was evident that lack of any one Jnk gene did not compromise embryonic development, as the
Jnk1-/-, Jnk2-/- and Jnk3-/- mice were viable and fertile.11-15 Overtly, none of them showed any
major defects, except that the Jnk1-/- mutants were about 20-30% smaller in size at the early
phases of their growth (Sabapathy K and Wagner EF, unpublished data). Nonetheless, appar-
ent normality of life in the absence of the Jnk genes suggested that absence of one of the Jnk
genes may be compensated for by the other Jnk genes, indicating functional redundancy among
the Jnk genes during embryonic development.

Effects of JNK1 and JNK2 Deficiency in Mice
Though individual JNK knockouts appeared to develop normally, absence of both JNK1

and JNK2 resulted in embryonic lethality.17,18 This lethal phenotype is specific to combined
loss of JNK1 and JNK2 alone, as loss of JNK2 and JNK3 or JNK1 and JNK3 did not result in
lethality,18 indicating that JNK3 has no essential role during embryonic development. By con-
trast, JNK1 and JNK2 are essential components of the signaling cascade regulating develop-
ment processes and appear to play overlapping and similar roles that cannot be replaced by
JNK3 (Fig. 1). Hence, absence of JNK1 was replaceable by JNK2 and vice versa, but deletion
of both was found to be crucial for development (Fig. 1).

Besides embryonic development, JNK1 and JNK2 were found to required for proper neu-
ral tube closure and brain development.17,18 Jnk1-/-Jnk2-/- embryos which die around embry-
onic day 11 (E11.0), exhibited an open neural tube (exencephaly) at the hindbrain level.
Apoptosis was found to be reduced in the hindbrain neuroepithelium at E9.25 in these mutant
embryos.17 In contrast, a dramatic increase in cell death was observed one day later at E10.5 in
both the hindbrain and forebrain regions, indicating that the JNKs play a pro-apoptotic role at
earlier stages of neuronal development and subsequently an anti-apoptotic role at the later
stages of brain development.17 These studies for the first time demonstrated that the JNKs
have both a pro- and anti-apoptotic roles in vivo, depending on the cellular context. However,
the defects in brain development appear not be the cause of embryonic lethality as some
Jnk1-/-Jnk2+/- embryos, but not Jnk1+/-Jnk2-/- embryos, displayed the exencephalic phenotype
and were viable up to E16.0,17 and suggested that the JNKs probably regulate other essential
functions which have yet to be explored.

The phenotypic manifestation in Jnk1-/-Jnk2+/- embryos argued that gene dosage might
play a critical role in controlling JNK protein levels in the brain. Immunoblot analysis indi-
cated that the total levels of JNK proteins were barely detectable in Jnk1-/-Jnk2+/- brain ex-
tracts.17 By contrast, Jnk1+/-Jnk2-/- brain extracts contained considerable amounts of JNK pro-
teins. Moreover, Jnk1-/-Jnk2+/- spleens contained higher levels of JNK proteins than brain extracts
of the same mice, suggesting that the reduction in JNK expression is specific to the brains of
Jnk1-/-Jnk2+/- mice.17 This results also raised the possibility that although the essential func-
tions of JNK1 and JNK2 may be similar and redundant, a critical threshold of JNK proteins
are required for proper JNK signaling and hence, organismal development (Fig. 2). Consistent
with this hypothesis, recent findings also indicated that Jnk1-/-Jnk2+/- embryos exhibit defects
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in closure of optic fissure and lens development due to defects in Pax2 regulation, concomitant
to reduced JNK activity.19 Moreover, Jnk1-/-Jnk2+/- embryos were also shown to display delayed
development in the epidermis, intestines and lungs due to decreased expression of epidermal
growth factor.20 These findings therefore suggest that critical levels of JNK proteins (either
JNK1 or JNK2) are required for efficient JNK signaling during embryonic development, be-
low which phenotypic defects are manifested (Fig. 2).

Similar but Nonredundant Roles of JNK1 and JNK2
Albeit JNK1 and JNK2 perform similar and redundant functions during embryonic devel-

opment, they also perform similar but nonredundant functions in the adult mice. Essentially,
similar phenotypes have been observed in several instances in both Jnk1-/- and Jnk2-/- mice. The
lack of JNK1 or JNK2 resulted in resistance of thymocytes to anti-CD3 antibody-induce
apoptosis in vitro and in vivo.11,12 Moreover, concanavalin-A-induced hepatocyte apoptosis
and consequent liver damage, which occurs through cell-bound TNFα, was considerably re-
duced in both Jnk1-/- and Jnk2-/- mice.21 Furthermore, hyperoxia-induced lung injury and
mortality was elevated similarly in Jnk1-/- and Jnk2-/- mice compared to wild-type controls.22

Besides apoptosis, lack of either JNK1 or JNK2 also resulted in reduced mature T (total) cell

Figure 1. JNKs and embryonic development. The cartoon indicates the effects of deleting the various Jnk
genes alone or in combinations. Absence of any one Jnk gene does not lead to lethality. Moreover, compound
deletions of Jnk1 and Jnk3 or Jnk2 and Jnk3 also do not affect development, indicating that JNK3 has no
role in embryonic development. However, deletion of Jnk1 and Jnk2 results in lethality, suggesting that
JNK1 and JNK2 play essential but overlapping and redundant roles, that cannot be replaced by JNK3.
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proliferation and IL-2 production at limiting doses of stimulation.11,12 Though the effect of
combined JNK1 and JNK2 deletion on these processes were not investigated to due lethality of
the Jnk1-/-Jnk2-/- mice, some of the phenotypes were also recapitulated in Jnk1+/-Jnk2+/- mice.
For instance, defects in anti-CD3 antibody-induced thymocytes apoptosis and mature total T
cell proliferation defects were found in Jnk1+/-Jnk2+/- mice, similar to the individual knock-
outs,12 suggesting that JNK1 and JNK2 play similar roles in regulating T cell functions. Con-
sistently, JNK activity was compromised in both these mice strains in several cases, being re-
duced in thymocytes, mature T cells and bronchoalveolar cells.11,12,22

Besides these animal experiments, several lines of evidence also suggest that JNK1 and
JNK2 play nonredundant roles in JNK signaling in cultured cells in vitro. IL-1-induced AP-1
activity and UV-A-induced Stat3 phosphorylation at serine 727 was compromised in both
Jnk1-/- and Jnk2-/- synoviocytes and fibroblasts, respectively.23,24 Moreover, JNK-mediated re-
pression TGF-β1 promoter activity was reversed to equal extents by expression of either JNK1
or JNK2.25 These data together suggest that JNK1 and JNK2 play similar and nonredundant
roles in certain circumstance, perhaps equally contributing to JNK activity.

Similar but Nonredundant Roles of JNK2 and JNK3
Similarly, JNK2 and JNK3 have also been shown to play similar and nonredundant roles,

especially in the physiology of the brain. In a neurodegeneration mouse model of Parkinson’s
disease (PD) induced by 1-methyl-4-phenyl-1,2,4,6-tetrahydropyridine, both JNK2 and JNK3,
but not JNK1, were found to be required for dopaminergic neuronal cell death.26 Moreover,

Figure 2. Threshold levels of JNK expression (JNK1 or JNK2) are required for embryonic development.
Though Jnk1-/- and Jnk2-/- mice are viable, absence of both Jnk genes result in embryonic lethality. However,
gene dosage also appears to play a role in determining the JNK levels in mice. Jnk1-/-Jnk2+/- embryos, but
not Jnk1+/-Jnk2-/- embryos, phenocopy the defects found in Jnk1-/-Jnk2-/- embryos. Analysis of total JNK
protein levels indicated that the JNK levels were markedly reduced in Jnk1-/-Jnk2+/-, but not Jnk1+/-Jnk2-/

- embryos, suggesting that JNK1 is a major contributor to JNK protein levels (refer to text for details).
Moreover, this indicates that threshold levels of JNK proteins (JNK1 or JNK2) are required for optimal
embryonic development, below which defects are manifested. This JNK-dependent embryonic develop-
ment is attributable to the overlapping functions of JNK1 and JNK2, as JNK3 is not able to compensate
for the absence of JNK1 and JNK2.
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both JNK2 and JNK3 were also found to be required for neuronal cell death due to facial and
sciatic nerve axotomy in neonates.27 The dual deletion of JNK2 and JNK3 resulted in a more
pronounced effect compared to the single knockouts in both these models, further reiterating
the similar but nonredundant roles of JNK2 and JNK3 in neuronal apoptosis.

Specific Effects Caused by JNK1 Deficiency
Extensive analysis has also revealed specific defects due to loss of JNK1 alone. Subsequent

to our initial observations that the Jnk1-/- mice were smaller compared to their wild-type coun-
terparts, the role of JNK1 was investigated in bone formation and osteoclast differentiation.
JNK1, but not JNK2, was found to be specifically activated by the osteoclast-differentiating
factor RANKL.28 Consequently, activation of JNK1, but not JNK2, was found to be required
for efficient osteoclastogenesis from bone marrow monocytes (BMMs) and JNK1 specifically
protected BMMs from RANKL-induced apoptosis during differentiation. Moreover, consis-
tent with the smaller size of Jnk1-/- mice, JNK1, but not JNK2, was specifically found to play a
central role in regulating obesity and insulin resistance.29 JNK1 deficiency was shown to result
in decreased obesity and improved insulin sensitivity and enhanced insulin receptor signaling,
concomitant to decreased JNK activity. Such effects were not observed with JNK2 mutant
mice, where JNK activity was not altered.29 These results thus provide genetic evidence that
activation of JNK1, but not JNK2, was specifically involved in modulating osteoclastogenesis
and obesity.

Similarly, several other JNK1-specific effects were found only in lymphocytes from Jnk1-/-

mice. Purified CD4+ T helper (TH) cells from Jnk1-/- mice hyper-proliferated and were resis-
tant to activation-induced cell death. Moreover, they preferentially differentiated into TH2
effector cells, indicating that JNK1 plays an inhibitory role during TH2 differentiation.14 In
vivo infection models using the parasite Leishmania major, which is ideal for studying TH1
induction in the absence of a concomitant induction of TH2 cells, also supported these in vitro
findings. Jnk1-/- mice were unable to resolve Leishmania major infections and displayed re-
duced delayed-type hypersensitivity response, which was due to the simultaneous presence of
TH2 cells in these mice, in contrast to their wild-type counterparts.30 Moreover, in a leukemia
mouse model, JNK1 was specifically found to be required for survival and transformation of
preB cells, although the effects of JNK2 deficiency was not tested.31

Finally, JNK1 was specifically found to be required for maintenance of neuronal microtu-
bules (MTs) by controlling the phosphorylation of microtubule-associated proteins (MAPs).
Jnk1-/- mice were found to exhibit disrupted anterior commisure tract formation and progressive
loss of MTs within axons and dendrites, which was due to hypo-phosphorylation of the MAPs
which compromised their ability to bind MTs.32 JNK2, on the other hand, was not found to be
an efficient kinase for MAPs and Jnk2-/- mice did not show any of the MT defects. These data
together highlight JNK1-specific roles in the adult mice that cannot be replaced by JNK2.

Specific Roles of JNK2
JNK2 specific immune response defects were also noted in mutant mice. Viral infection of

cells resulting in activation of the innate antiviral response mediated by type I interferons
(IFNs) was impaired in Jnk2-/- cells but not in Jnk1-/- cells.33 This was shown to be due to
defects in IFN promoter activation that specifically required JNK2.33 Moreover, loss of JNK2,
but not JNK1, resulted in impairment of differentiation of precursor CD4+ cells to TH1 effec-
tor cells in vitro, due to defective IFN-γ production.13 Consistent with these findings,
JNK2-specific effects were manifested in the ApoE-/- mouse model of atherosclerosis, the devel-
opment of which is thought to be dependent on TH1 effector cells.34 ApoE-/-Jnk2-/- mice, but
not ApoE-/-Jnk1-/- mice, were found to be less prone to atherosclerosis. In addition, JNK2 defi-
cient macrophages were shown to suppress foam cell formation caused by defective uptake
and degradation of modified lipoproteins, a process that is crucial for atherogenesis.34 Con-
sistently, macrophage specific deletion of JNK2 was sufficient to decrease atherogenesis. In
the above examples, JNK2-specific JNK activity (but not JNK1-specific activity) was found
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to be required for the proper functioning of T cells and macrophages,13,34 indicating a specific
role for JNK2 that cannot be compensated for by JNK1.

JNK3-Dependent Physiological Processes
Since JNK3 expression is restricted, most studies have focused on the role of JNK3 in brain

development and neuronal physiology. Initial experiments indicated that absence of JNK3 led
to reduced excitotoxicity-induced (i.e., kainic-acid) neuronal apoptosis in the hippocampus.15

This effect was specific to JNK3 and Jnk1-/- and Jnk2-/- mice did not show similar phenotyopes.25

Subsequent experiments revealed that nerve-growth factor-deprived sympathetic neurons from
JNK3 mutant mice were resistant to cell death compared to their wild-type counter-
parts.36 Similarly, cerebral ischemia and hypoxia-induced brain injury was specifically reduced
in Jnk3-/- mice.37 Furthermore, hippocampal neurons from Jnk3-/- mice were much more resis-
tant to apoptosis in an in vitro model of cerebral ischemia compared to wild-type cells.37 In the
above examples, phosphorylation of c-Jun, which is thought to be critical for JNK-mediated
apoptosis, was reduced,15,36 highlighting the specific and pro-apoptotic role of JNK3 in these
processes that cannot be substituted by JNK1 and JNK2. It is also evident from these findings
that JNK3 probably contributes to stress-induced JNK signaling and neuronal apoptosis, as in
no case was there a difference in basal cell death rates.

Opposite and Antagonistic Functions of JNK1 or JNK2
Besides the redundant or specific roles of the JNKs, genetic analysis using the mutant mice

also revealed the existence of distinct and antagonistic roles for JNK1 and JNK2. Analysis of
purified immune CD8+ T cells indicated that whereas Jnk1-/- cells had a proliferation defect
and impaired interleukin-2 (IL-2) receptor expression, Jnk2-/- cells hyper-proliferated and pro-
duced more IL-2.38 Consistently, anti-viral immune response against lymphocytic choriomen-
ingitis virus (LCMV) was differently affected in these mice strains. LCMV-infected Jnk1-/-

mice showed significantly less virus-specific CD8+ cells whereas Jnk2-/- mice produced more
CD8+ cells.39

In line with the proliferation differences noted with CD8+ T cells, other cellular prolifera-
tion models also displayed differential effects due to loss of JNK1 or JNK2. Mouse fibroblasts
lacking JNK1 was shown to have a proliferation defect whereas Jnk2-/- cells displayed a growth
advantage due to faster exit of the G1 phase of the cell cycle, compared to their wild-type
counterparts.40 Likewise, Jnk2-/- erythroblasts and hepatocytes were also found to exhibit a
proliferation advantage.40,41 Consistently, epidermal proliferation was also differentially regu-
lated by JNK1 and JNK2. Skin epidermis of Jnk1-/- mice was thin and the number of prolifer-
ating cells of the stratum basale was markedly reduced compared to wild-type mice, whereas
Jnk2-/- mice displayed keratinocyte hyperplasia, resulting in increased number of epithelial cell
layers which was attributed to enhanced proliferation.20 Furthermore, phorpbol-ester-induced
skin tumour formation was found to be significantly increased in Jnk1-/- mice and significantly
reduced in Jnk2-/- mice.42,43

Although JNK1 and JNK2 appear to display antagonistic effects on cellular proliferation,
JNK activity was differentially regulated only in some cellular systems. CD8+ T cells lacking
JNK1 or JNK2 had reduced JNK activity, suggesting that perhaps JNK activity-independent
functions of the JNKs may regulate CD8+ T cell proliferation.38 However, JNK activity corre-
lated with the phenotypes in fibroblasts. Absence of JNK1 resulted in reduced JNK activity,
resulting in reduced c-Jun phosophorylation.40,44,45 By contrast, absence of JNK2 resulted in
increased JNK activity, c-Jun phosphorylation and stability. These data indicated that in fibro-
blasts at least, JNK1 is the major JNK kinase whereas JNK2 was a negative regulator of c-Jun.40,44

Consistently, only JNK2 was shown to specifically bind to c-Jun and target it for degradation,
and absence of JNK2 thus resulted in increased c-Jun stability and activity, thereby probably
leading to increased proliferation.40 Besides fibroblasts, the role of JNK1 and JNK2 on JNK
activity has not been carefully analyzed in the other cellular systems.



35Physiological Role of the Different JNKs

Nonetheless, consistent with the differential effects on JNK activity, JNK1 and JNK2 mu-
tant fibroblasts were shown to be differentially sensitive to apoptosis. UV- and TNF-α induced
apoptosis was compromised in Jnk1-/- fibroblasts and elevated in Jnk2-/- cells, correlating with
the differential JNK activity in these cells.44,45 Together, the genetic evidence indicates that
JNK1 and JNK2 could play distinct and opposite functions in several cellular systems, thereby
differentially regulating proliferation and cell death.

JNK Specific Effects Analyzed with Jnk1-/-Jnk2-/- Cells
Many studies have also attempted to find JNK-specific functions using cells isolated from

Jnk1-/-Jnk2-/- embryos. Initial data indicated that Jnk1-/-Jnk2-/- fibroblasts were resistant to
UV-induced apoptosis due to a defects in the mitochondrial death signaling pathway, includ-
ing the failure to release cytochrome c.46 Moreover, Jnk1-/-Jnk2-/- fibroblasts were also found to
be highly resistant to apoptotic effects of IFN.47 However, Jnk1-/-Jnk2-/- fibroblasts were also
found to be sensitive to TNF-mediated apoptosis, leading to the speculation that JNKs pro-
vided survival signaling in response to TNF.48 These data indicate that JNKs can have both
apoptotic and survival functions, depending on the stimulating agent.

Besides, one study highlighted that JNKs were required for cellular wound healing, as
Jnk1-/-Jnk2-/- fibroblasts were found to be defective in cellular motility.49 Besides these physi-
ological studies, Jnk1-/-Jnk2-/- fibroblasts have also been used in several biochemical studies that
demonstrated a critical role for the JNKs in the expression of type-I collagen gene, Bax and
others,50,51 highlighting the essential role of JNKs in gene regulation.

Conclusions
The analysis of the individual or compound JNK mutant mice has revealed the physiologi-

cal roles performed by the various JNKs. Moreover, controversial issues based on earlier in vitro
findings, such as the role of JNKs in apoptosis, have been settled to some extend as the genetic
studies have also supported the existence of both apoptotic and anti-apoptotic functions of the
JNKs, depending on the cellular and stimulating-signal context. This review has highlighted
the specific and nonredundant, as well as redundant roles performed by the different JNKs in
various biological processes. The role of JNK3, whose expression is restricted to the brain
regions, have been analyzed primarily in neuronal models of injury and apoptosis, as no overt
phenotypes have been observed in other parts (Table 1). By contrast, JNK1 and JNK2, which
are ubiquitously expressed and share 83% homology between them,4 appears to have evolved
for both redundant and specific roles. Alas, JNK products are highly relevant as has been dem-
onstrated by the crucial roles they play in various physiological processes. There are both cell-type
and signal-specific functions that are performed by these proteins, without which, defects are
manifested (Table 1). Nonetheless, natural mutations have not been reported in these genes
that would affect their crucial functions. This suggests that JNKs play essential and important
roles, without which life would be compromised, and also probably explains why JNK1 and
JNK2 can at times play redundant but necessary roles. From an evolutionary perspective, the
findings obtained up to date with the genetically modified mice highlights the relevance of
conserving similar and homologous genes for diverse and varied functions, as well as for “back-up”
functions in some instances. These studies would thus serve as a paradigm for other functional
studies aiming to elucidate the specific functions of highly similar proteins.

Outlook
With the extensive analysis performed using the JNK mutant mice, several key biological

processes controlled by the various JNKs have been identified. Future work would identify
other roles for the JNKs and perhaps delve into identifying key process performed by JNK1
and JNK2 together in the adult mice, by the generation of conditional knockout mice strains.
Moreover, one issue that has yet to be resolved is if the various isoforms of the Jnk genes would
be functionally relevant and may perhaps provide further fine refinement of the biological
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Table 1. Physiological role of the JNKs as determined from studies using knockout
mice

JNK
Specificity Role Phenotype Identified in Knockout Mice Refs.

JNK1 Specific Osteoclast differentiation defect 28
(Jnk1-/- ) RANKL-mediated apoptosis increased in bone marrow cells 28

Lean mice due to decreased obesity 29
Improved insulin signaling 29
CD4+ T cells hyper-proliferated 14
CD4+ T cells were resistant to activation-induced cell death 14
CD4+ T cells preferentially differentiated into Th2 effector cells 14,30
Lack of survival signals to and transformation of pre-B cells 31
Defects in neuronal microtubule (MT) maintenance due to 32
reduced phosphorylation of MT-associated proteins

JNK2 Specific Impaired innate anti-viral response and IFN activation 33
(Jnk2-/-) Impaired differentiation of CD4+ cells to TH1 effector cells 13

Reduced atherosclerosis due to suppression of foam cell 34
formation by the macrophages

JNK3 Specific Resistance of hippocampal neurons to excitotoxicity-induced 15
(Jnk3-/-) apoptosis

Resistance of sympathetic neurons to NGF-deprivation- 36
induced cell death
Reduced brain injury and neuronal apoptosis due to cerebral 37
ischemia and hypoxia

JNK1=JNK2 Redundant Embryonic lethality 17,18
(Jnk1-/- Jnk2-/-) Defects in embryonic brain development and neural 17,18

tube closure
Defects in optic closure failure and lens development 19
Epidermis developmental defects in multiple organs 20

JNK1=JNK2 Non-redundant Defects in anti-CD3 antibody induced thymocyte apoptosis 11,12
(Jnk1-/- or Jnk2-/-) Reduced concanavalin-A induced hepatocyte apoptosis 21

and liver damage
Increased  hyperoxia-induced lung injury and mortality 22
Defective mature T cell proliferation at limiting stimulation 11,12
Defective AP-1 activity in IL-1 induced synoviocytes 23
Reduced UV-A induced Stat3 phosphorylation at serine 727 24
Repression of TGFb promoter activity 25

JNK2=JNK3 Non-redundant Reduced dopaminergic neuronal cell death in mouse 26
(Jnk2-/- or Jnk3-/-) Parkinson’s disease model

Reduced neuronal cell death due to facial and sciatic 27
nerve axotomy

JNK1∞ JNK2 Antagonistic CD8+ T cell proliferation and IL-2 signaling is defective in 38
(Opposite Jnk1-/- and augmented in Jnk2-/-mice
effects in Jnk1-/- Fibroblast proliferation is defective in Jnk1-/- and 40
or Jnk2-/-) increased in Jnk2-/-mice

Keratinocyte proliferation is defective in Jnk1-/- and 20
increased in Jnk2-/-mice
Erythrocyte and hepatocyte proliferation is augmented in 40,41
Jnk2-/-but not in Jnk1-/- mice
TPA-induced skin tumourigenesis in increased in Jnk1-/- 42,43
but decreased in Jnk2-/-mice
UV and TNFa-induced cell death is reduced in Jnk1-/- but 44,45
increased in Jnk2-/-fibroblasts
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processes controlled by the JNKs. This would require the generation of mice expressing specific
isoforms of the Jnk genes. Finally, from the application point of view, the genetic studies have
also indicated that specific functions regulated by individual JNKs can be of clinical relevance,
such as diabetes and neuro-degenerative disease. As such, future work should be focused on
generating individual JNK specific inhibitors, which would potentially be useful in specific
pathological conditions.
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CHAPTER 4

The Biological Function of JNKKs
(MKK4/MKK7 Knockout Mice)
Hiroshi Nishina* and Toshiaki Katada

Abstract

Stress-activated protein kinase/c-Jun NH2-terminal kinase (SAPK/JNK), which belongs
to the family of mitogen-activated protein kinase (MAPK), is activated by many types of
cellular stresses or extracellular signals. Recent studies, including the analysis with knock-

out cells and mice, have led to progress towards understanding the molecular mechanism of
stress-induced SAPK/JNK activation and the physiological roles of SAPK/JNK in embryonic
development and immune responses. Two SAPK/JNK activators, MKK4 and MKK7, are
required for full activation of SAPK/JNK, which responds to various stimuli in an all-or-none
manner in mouse embryonic stem (ES) cells. SAPK/JNK activation plays essential roles in
organogenesis during mouse development by regulating cell proliferation, survival or apoptosis
and in immune responses by regulating cytokine gene expression. Furthermore, SAPK/JNK
activation is involved in regulation of mRNA stabilization, cell migration, and cytoskeletal
integrity. Thus, SAPK/JNK activation by MKK4 and MKK7 has a wide range of functions in
mammalian cells.

MAP kinases (MAPKs) are evolutionary conserved signal-transducing enzymes involved in
regulation of many cellular events. Several MAPK groups have been identified in mammalian
cells, including extracellular signal-regulated kinase (ERK), p38, ERK5, and SAPK/JNK. These
MAPKs are activated by their specific MAPK kinases (MAPKKs): ERK by MEK1 (also known
as MKK1) and MEK2 (MKK2), p38 by MKK3 and MKK6, ERK5 by MEK5 (MKK5), and
SAPK/JNK by MKK4 (SEK1/JNKK1) and MKK7 (SEK2/JNKK2). These MAPKKs are also
activated by various MAPKK kinases (MAPKKKs) such as Raf, MLK, MEKK1, TAK1, ASK1,
and TPL-2. In this review, we focus on recent progress in the SAPK/JNK group of
MAPK-signaling pathways in mouse embryonic stem (ES) cells, embryos, and adult mice by
using MKK4 and MKK7 knockout mice (Fig. 1). It is becoming clear that SAPK/JNK activa-
tion regulates many cellular processes such as gene expression, cell survival, and apoptosis.1-2

Molecular Mechanism of SAPK/JNK Activation by MKK4
and MKK7 in ES Cells

SAPK/JNK is activated not only by many types of cellular stresses including changes in
osmolarity, UV irradiation, heat shock, cisplatinum, etoposide, thapsigargin, and tunicamycin,
but also by serum, lysophosphatidic acid (LPA), and inflammatory cytokines, interleukin-1β
(IL-1β) and tumor necrosis factor TNF-α). The activated SAPK/JNK phosphorylates a num-
ber of substrates including transcription factors, c-Jun, Jun D, and ATF-2, to regulate gene
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expression for the stress responses. Activation of SAPK/JNK requires the dual phosphorylation of
Tyr and Thr residues located in a Thr-Pro-Tyr motif in the activation loop between VII and VIII
of the kinase domain. The phosphorylation is catalyzed by the dual specificity kinases, MKK4
and MKK7, which are capable of catalyzing the phosphorylation of both Thr and Tyr residues.

Recent studies have shown that SEK1 has a preference for the phosphorylation of Tyr resi-
due, while MKK7 for Thr residue of SAPK/JNK in vitro and that both phosphorylation results
in the synergistic activation of SAPK/JNK (Fig. 2A).3 Strong support for this activation mecha-
nism has been obtained from studies of MKK4- and MKK7-gene disruption in ES cells. The
severe impairment of SAPK/JNK activation observed in mkk7-/- ES cells was accompanied
with a loss of the Thr-phosphorylation of SAPK/JNK, without marked reduction in its
Tyr-phosphorylated level. On the other hand, Thr-phosphorylation of SAPK/JNK in mkk4-/-

ES cells was also attenuated, in addition to a decreased level of its Tyr-phosphorylation. These
results indicate that the Tyr and Thr residues of SAPK/JNK are sequentially phosphorylated by
MKK4 and MKK7, respectively, in stress-stimulated ES cells (Fig. 2B).4

Involvement of “scaffold proteins” has been also reported for the correct proceeding of
SAPK/JNK-signaling pathway. The scaffold proteins, JIP-1, JIP-2, JIP-3, JSAP1, and JLP, or-
ganize the components of SAPK/JNK cascade to secure SAPK/JNK-signaling specificity in

Figure 1. SAPK/JNK-signaling pathways involved in a variety of cell responses. SAPK/JNK is activated by
extracellular stimuli including stresses and cytokines through kinase cascades. Activated MAPKKKs such
as MEKK1, MLK, TAK1, ASK1, and TPL-2 transmit the signal to two MAPKK, MKK4 and MKK7.
SAPK/JNK activated by MKK4 and/or MKK7 phosphorylates target molecules such as c-Jun, paxillin, and
MAP2 to regulate a wide range of cell functions.
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mammalian cells. JIP-1, JIP-2, and JIP-3 bind to SAPK/JNK, MKK7, and mixed-lineage pro-
tein kinases (MLKs). JSAP1 is an alternatively spliced variant of JIP3, however, associates with
SAPK/JNK, SEK1, and MEKK1. JLP acts as a scaffold protein to bring together Max and
c-Myc along with SAPK/JNK and p38, as well as their upstream MKK4 and MEKK3. MEKK1
itself plays a role as a scaffold protein that regulates MKK4 (Fig. 2C). A theoretical consider-
ation indicates that a single set of the scaffold-supported complex, which contains either MKK4
or MKK7, can not induce the sequential phosphorylation, since the synergistic activation of
SAPK/JNK require both MKK4 and MKK7 as observed in ES cells. Therefore, two sets of
scaffold complexes, one contains MKK4 and the other MKK7, must exist closely in ES cells.
Future studies are needed to identify a predicted “binder”-like protein, which connects the two
MAPKK (MKK4 and MKK7) cascades (Fig. 2D).

Figure 2. Schematic description of SAPK/JNK phosphorylation by MKK4 and MKK7 under various
conditions. A) synergistic activation of SAPK/JNK by the dual-specificity kinase, MKK4 or MKK7, which
has been reported in vitro conditions. B) synergistic activation of SAPK/JNK through sequential phospho-
rylation by MKK4 and MKK7 in murine ES cells. C) activation of SAPK/JNK by MKK4 or MKK7
associated with their scaffold proteins, JIP-1 and MEKK1. D) a predicted “binder” connects the two
scaffold-supported MAPKK cascades (MKK4 and MKK7) for the sequential phosphorylation of SAPK/
JNK as shown in panel B. TPY, Thr-Pro-Tyr motif.
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SAPK/JNK Activation as a Molecular Switch in All-or-None Manner
Recently, Ferrell et al have proposed an interesting concept that SAPK/JNK-signaling cas-

cade could, in principle, function as a sensitivity amplifier, which converts graded inputs into
more switch-like outputs, allowing the cascade to filter out noise and yet still respond decisively
to supra-threshold stimuli.5 They have shown in Xenopus oocytes, HeLa cells, HEK293 cells,
and Jurkat T cells that SAPK/JNK responds to physiological and pathological stimuli, such as
progesterone and sorbitol, in an all-or-none manner. The activation of SAPK/JNK by the stimuli
was graded at the level of a population of oocytes, however, at the level of an individual oocyte,
the stimulatory response appeared to be switch-like. Indeed, a very steep concentration-dependent
response in the activation of SAPK/JNK by hyper-osmolar stress, sorbitol, is observed in murine
ES cells (Fig. 3). This suggests that the all-or-none type MAPK activation also occurs in mam-
malian cells at an individual cell level only when the two MAPKKs are simultaneously activated.
Therefore, this MAPK signaling should strictly proceed without errors basically through the two
separated signals, one activates MKK4 and another activates MKK7. Although the molecular
mechanism whereby the two MAPKKs are simultaneously stimulated by various stress signals
remains to be resolved, it is tempting to speculate that the two separated pathways leading to
SAPK/JNK activation may exist and physiologically function as a fail-safe mechanism.

Role of SAPK/JNK in Mouse Development
Mkk4, mkk7, and all three Jnk (Jnk1, 2, and 3) loci have been knocked out at present.

Mkk4-/- embryos die between embryonic day 10.5 (E10.5) and E12.5 with impaired liver
formation and massive apoptosis (Fig. 4). It has been shown that SEK1-mediated SAPK/JNK
pathway downstream TNF-α receptor 1 (TNFR1) participates in embryonic hepatoblast pro-
liferation and survival via a pathway different from NF-κB-induced anti-apoptosis.6 On the
other hand, mkk7-/- embryos die between E11.5–12.5 with similar defects in liver formation.
Impaired proliferation and G2/M cell-cycle kinase CDC2 expression are observed in mkk7-/-

hepatoblasts.7 These results indicate that the MKK7-JNK-c-Jun signaling pathway regulates
CDC2 expression in hepatoblasts. Thus, SAPK/JNK activation mediated through MKK4 plus
MKK7 plays indispensable roles in hepatoblast proliferation and survival during mouse em-
bryogenesis (Fig. 5).

Figure 3. Synergistic SAPK/JNK activation in response to hyper-osmolar stress (sorbitol) requires both
MKK4 and MKK7 in ES cells. Wild-type, sek1-/-, and mkk7-/- ES cells were stimulated with the indicated
concentrations of sorbitol for 30 min.
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JNK1 and JNK2 are widely expressed in many tissues, but JNK3 is expressed predomi-
nantly in nervous system. Mice deficient in the single gene of Jnk1, Jnk2, or Jnk3, and Jnk1/
Jnk3- or Jnk2/Jnk3-double mutant mice all survived normally. Mice lacking both JNK1 and
JNK2 die around E11 with severe dysregulation of apoptosis in brain. Specifically, there was a
reduction of cell death in the lateral edges of hindbrain prior to neural tube closure. In con-
trast, increased apoptosis and caspase activation were found in the mutant forebrain. These
results assign both pro-and anti-apoptotic functions to JNK1 and JNK2 in the development of
the fetal brain.

Role of SAPK/JNK in Cell Survival and Apoptosis
In mammalian cells, apoptotic signaling cascades can be divided into two broad categories:

the intrinsic (mitochondria-dependent) and the extrinsic (death receptor-mediated) pathways.
The initiation of mitochondria-dependent pathway requires a change in the organella mem-
brane permeability that is prevented by anti-apoptotic molecules such as Bcl-2 and Bcl-XL and
promoted by pro-apoptotic molecules including Bax and Bak. The permeability change results
in the release of mitochondrial proteins. One of the released proteins, cytochrome c, associates
with Apaf1 and caspase 9 to activate the effector caspase 3. Cellular stresses such as UV irradia-
tion and heat shock mediate apoptosis through the mitochondria-dependent pathway. How-
ever, upstream signaling that regulates the pro-apoptotic molecules remains to be elucidated.
Recently, the involvement of SAPK/JNK activation in pro-apoptotic function has been sug-
gested in the study with Jnk1-/- Jnk2-/- and mkk4-/- mkk7-/- mouse embryonic fibroblasts (MEFs).
Both Jnk1-/- Jnk2-/- and mkk4-/- mkk7-/- MEFs exhibited profound defects in stress-induced
apoptosis.8 Furthermore, it has been reported that JNK activation causes the release of
apoptogenic factors such as cytochrome c and Smac from isolated mitochondria in a cell-free
system. These results strongly suggest that the SAPK/JNK activation directly regulates
mitochondria-dependent apoptosis in pro-apoptotic direction.

Recently, we generated ES cells lacking both MKK4 and MKK7 to reevaluate the role of
SAPK/JNK activation in the stress-induced and mitochondria-dependent apoptosis.9 We
utilize mouse ES cells in terms of the following advantages: (1) ES cells are a prototype of all
cell lineages and can be differentiated into MEF-like cells with retinoic acid, (2) ES cells do
not express death receptors including Fas and TNFR1, but have stress-induced,
mitochondria-dependent apoptotic pathway, and (3) the molecular mechanism of SAPK/
JNK activation is well characterized in ES cells. Interestingly, SAPK/JNK activation is not
required for stress-induced and mitochondria-dependent apoptosis in ES and MEF-like cells.
Thus, the physiological role of SAPK/JNK activation in cell survival and apoptosis is still

Figure 4. Defective liver formation in mkk4-/- embryos. Appearance of wild-type and mkk4-/- embryos and
livers at embryonic day 12.5. The severe anemia is observed in mkk4-/- embryos.
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controversial, being suggested to have an anti-apoptotic, a pro-apoptotic, or no function in
these processes dependent on the types of cells and stimuli.10

Role of SAPK/JNK in Mouse Immune Responses
CD4+ and C8+ T cells are two subsets of peripheral T cells that play important roles during

an immune response. After antigen stimulation, CD4+ T cells differentiate into effector Th1 or
Th2 cells that secret cytokines to help modulate the type of immune response that is generated.
Th1 cell promote cell-mediated immunity against intracellular microbial pathogens by ex-
pressing interferon-γ, interleukin (IL)-2, and lymphotoxin, whereas Th2 cells promote hu-
moral immunity against parasites and extracellular pathgens by expressing IL-4, IL-5, IL-9,
IL-10, and IL-13. CD8+ T cells differentiate into cytotoxic T cells to help defend the host
during the cell-mediated immune response. Thus, defective T cell development to Th1 and

Figure 5. A proposed model for SAPK/JNK signaling pathway in hepatoblasts. The numbers in parentheses
are dates of embryonic lethality reported in previous papers. TNFα elicits a wide range of biological
responses, such as inflammation, tumor necrosis, differentiation, cell proliferation, and apoptosis, through
the stimulation of its receptor, TNFR1. The induction of apoptosis, NF-κB activation, and SAPK/JNK
activation are simultaneously mediated through TNFR1. SAPK/JNK activation is involved in cell growth,
while activation of NF-κB protects against the apoptosis in hepatoblasts.
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Th2 cells results in impaired immune responses. Furthermore, inappropriate activation of T
cells initiates and perpetuates many autoimmune diseases including rheumatoid, asthma, in-
flammatory bowel disease, and multiple sclerosis. It has reported that T cells from mice defi-
cient in the Jnk1 or Jnk2 gene have a defect in functional differentiation into Th1 or Th2
subsets. One report has shown that JNK1 positively regulates mature T cell activation and that
JNK1 and JNK2 have similar and overlapping roles in T cell function. Another report has also
reported that JNK1 is required for CD8+ T cell activation, however, that JNK1 and JNK2 have
distinct functions in CD4+ T cell differentiation and CD8+ T cell activation. This is analogous
to the role of MKK4 in the regulation of T cell activation. One group has shown defective T
cell activation, however, another group has shown normal activation of T cells lacking SEK1.
These results indicate that the magnitude of the stimuli, the expression of JNK isoforms, and
the activation level of SAPK/JNK are important factors determining the direction and effi-
ciency of T cell activation. Thus, SAPK/JNK appears to be involved in the differentiation and
activation of T cells, though its precise molecular mechanisms are still controversial.

Other Physiological Roles and Target Molecules of SAPK/JNK
As described above, SAPK/JNK regulates embryonic development including cell prolifera-

tion, survival, and apoptosis, and immune responses including T cell differentiation and acti-
vation. Furthermore, it has been reported that SAPK/JNK regulates mRNA stabilization, cell
migration, and cytoskeletal integrity (Fig. 1). Turnover of mRNA is an important mechanism
for the regulation of gene expression in organism from bacteria to mammals. Regulation of
mRNA half-life can influence normal cell proliferation, differentiation and oncogenesis. PB-3c
mast cells produce IL-3 upon stimulation with extracellular signals, and its short-lived (half-life
is about 30 min) mRNA is stabilized by Ca2+ ionophores. Using an active MEKK1 and a
dominant-negative mutant of JNK, it has been indicated that SAPK/JNK is involved in the
regulation of IL-3 mRNA turnover in mast cells. SAPK/JNK is required for Drosophila dorsal
closure and also essential for cell migration in mammalian cells. Rat bladder tumor epithelial
cells (NBT-II) exhibit rapid keratinocyte-like movement. Interestingly, SP600125, a specific
inhibitor of JNK, suppresses the movement. Several experiments indicate that JNK1 phospho-
rylates serine 178 on paxillin, a focal adhesion adaptor, in NBT-II cells. Expression of a paxillin
mutant (Ser178 to Ala) inhibited the migration of the cells. Thus, phosphorylation of paxillin
by SAPK/JNK seems to be essential for maintaining the labile adhesions required for rapid cell
migration. Dynamic assembly and disassembly of microtubules is essential for a variety of
cellular functions, such as maintenance of cell morphology and polarity, cell division, cell loco-
motion, and intracellular trafficking. JNK1-deficient mice exhibit progressive degeneration of
long nerve fibers and loss of microtubule integrity in dendrites. Dendritic degeneration of
neuronal microtubules is associated with hypo-phosphorylation of microtubule
assembly-promoting protein (MAP) 2 and its reduced ability to promote tubulin polymeriza-
tion. Thus, JNK1 is required for maintaining the cytoskeletal integrity of neuronal cells and is
a critical regulator of MAP activity and microtubule assembly.

Conclusions
Data continues to emerge implicating the SAPK/JNK-signaling pathway in a number of

physiological functions that may be involved in human disease including autoimmune,
anti-inflammatory, neurogenerative diseases, and cancers. In fact, mutations in Jnk3 gene were
identified in human brain tumors. Similarly, mutations in mkk4 gene have been identified in
human cancers of pancreas, lung, breast, colon, and prostate as tumor suppressor genes. Under
these circumstances, several pharmaceutical companies have been trying the discovery of SAPK/
JNK-related drugs such as an anthrapyrazolone and SP600125. Efforts by many researchers in
this field may help to find effective drugs in near future.
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CHAPTER 5

The JNK Signal Transduction Pathway
in Drosophila
Changwan Lu and Steven X. Hou*

Abstract

The c-Jun N-terminal protein kinases (JNKs) are serine/threonine protein kinases, activated
by a wide range of stimuli. Recent studies in genetic systems, especially in Drosophila,
have shown that this pathway is required in an unusually broad set of biological pro-

cesses, from embryonic dorsal closure, larval thorax closure, adult wound healing, planar cell
polarity, immune response, synaptic plasticity, neuronal cargo transport, to apoptosis and lifespan.
Both transcriptional and nontranscriptional responses to the JNK signaling contribute to such
versatile roles of this pathway in the model organism.

Introduction
JNKs, also known as stress-activated MAP kinases (SAPKs), are a family of serine/threonine

protein kinases in the mitogen-activated protein kinase (MAPK) regime. The proto-oncoprotein
c-Jun is the first identified substrate of the JNKs.1,2 Upon phosphorylation at Ser-63 and
Ser-73, c-Jun is translocated into nuclei, forming AP-1 heterodimers with c-Fos to bind DNA
and thus regulate gene expression (for reviews, see refs. 3-6).

Certain growth factors, cytokines, heat shock, hyperosmolarity and UV-radiation all acti-
vate the JNK signal transduction pathway. The mechanisms utilized by the extracellular stimuli
to activate JNKs are currently unknown, although probably involving clustering and internal-
ization of cell-surface receptors.7 The sequence of known events generally begins with recruit-
ment of adaptor molecules and activation of Ras-family small GTPase (e.g., Ras, Rho, Rac, and
Cdc42). The downstream includes three tiers of protein kinases: JNKKKKs (MAPKKKKs),
JNKKKs (MAPKKKs) and JNKKs (MAPKKs), forming a chain of sequential phosphoryla-
tion. Both JNKKKs and JNKKs are dual-specific kinases, phosphorylating threonines and
tyrosines. JNKKs phosphorylate and activate JNKs that directly phosphorylate and activate
specific targets such as transcription factors.

The JNK signaling is conserved functionally across phylogenic species, since the Drosophila
and mammalian counterparts in the pathway can be substituted for each other in functional
analyses. As genome-wide mutations have been conventionally generated by P-element inser-
tion, ethyl methanesulfonate and irradiation, Drosophila, being an outstanding genetic model,
has been used for functional examinations in in vivo contexts. Especially, the embryonic dorsal
closure (DC) process has generated the majority of our understanding to JNK signaling.

*Corresponding Author: Steven X. Hou—The Laboratory of Immunobiology, National Cancer
Institute at Frederick, Building 560, Room 12-70, Frederick, Maryland 21702-1201, U.S.A.
Email: shou@mail.ncifcrf.gov

The JNK Signaling Pathway, edited by Anning Lin. ©2006 Eurekah.com.



The JNK Signaling Pathway50

Structure of the DJNK Pathway

Core Components
The first identified component of the DJNK pathway is hemipterous (hep),8 based on a

genetic screen for mutations with defects in embryonic DC. The hep gene encodes a protein
kinase similar to human MKK4/JNKK. Other core components in this pathway are identified
thereafter through either a classical genetic screen or a reverse-genetic approach. Mutations of
most of the components display similar yet distinct DC defects. Typically, a hole is present at
the dorsal side in cuticle preparation as the result of DC defects. These components include:
Drosophila JNK (DJNK) encoded by basket (bsk),9,10 Drosophila Jun (DJun),11-13 Drosophila
Fos (DFos) encoded by kayak (kay),14,15 Drosophila JNKKK (DJNKKK) encoded by slipper
(slpr),16 and Drosophila JNKKKK (DJNKKKK) encoded by misshapen (msn).17 In the up-
stream of DJNKKKK/Msn, Drosophila Ras-family small GTPases activate the JNK pathway
under physiological conditions.18-21 In the downstream, DJNK/Bsk phosphorylates and acti-
vates both DJun and DFos, the transcription factor targets.22,23

Downstream Targets
Three downstream targets have been identified, decapentaplegic (dpp),13,24 puckered (puc),25

and chickadee (chic).26,27 Dpp is a member of the transforming growth factor-β (TGF-β) su-
perfamily.28 Mutations of components in the Dpp signal transduction pathway also cause DC
defects, suggesting that the downstream signaling is also required for DC. Puc is a dual-specific
MAP kinase phosphatase that may directly downregulate DJNK/Bsk activity through
de-phosphorylation, thus forming a negative feedback loop. Dpp and puc are expressed restric-
tively at the leading-edge of the advancing epidermis during embryonic DC, in a JNK
signaling-dependent manner. The expression of dpp and puc is thus used as the in vivo reporter
for JNK signaling.11,13 Chic, an actin-binding protein involved in F-actin polymerization, may
directly link the DJNK signaling to the cytoskeleton network in the DC process.

Upstream Activators
Based on causing DC defects and regulating the expression of dpp and puc at LE, upstream

activators of the DJNK signaling have been identified. Among these activators are three Src-family
members and another novel nonreceptor tyrosine kinase. Drosophila has three Src-related kinases,
Src42A, Src64, and Tec29. Although a mutation of any one of these kinases alone does not
exhibit DC defects, Src42A Src64 or Src42A Tec29 double mutant embryos do have DC de-
fects.29 The F-actin accumulation and expression of dpp and puc at LE are disrupted in Src42A
Tec29 double mutant embryos. These data suggest that the Src kinases function as upstream
activators of the DJNK cascade. Mutations of another nonreceptor tyrosine kinase, Shark, also
cause DC defects and disrupt dpp expression at LE through regulating the DJNK signaling.30

Negative Regulators
In addition to the dual-specific DJNK/Bsk phosphatase Puc, several other proteins have

been identified as negative regulators of the DJNK cascade during DC. Mutations of these
genes all result in DC defects as well as ectopic overexpression of dpp and puc. They are anterior
open (aop)/yan, sac1, ribbon (rib), raw, and hindsight (hnt). Aop is an ETS-domain protein that
is phosphorylated by DJNK/Bsk in vitro. Aop may directly inhibit DJun/DFos-mediated tran-
scription.13 Sac1 is a lipid phosphatase that dephosphorylates several phosphophatidylinositol
phosphates.31 Mutations of sac1 disrupt DC and lead to ectopic DJNK activation, suggesting
that the phosphoinositide (PI) level is important for DJNK activation during DC. Interest-
ingly, the ectopic dpp expression only occurs in stripes as a segmented pattern in sac1 mutant
embryos, although sac1 mRNA is uniformly expressed in the epidermis, suggesting that the
DJNK activation induced by sac1 mutation is dependent of another protein (or proteins) ex-
pressed in a segmented pattern. Other regulators of PI levels such as lipid kinases are likely the
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candidates. Rib is a protein with a BTB/POZ protein-protein interaction domain.32 The mecha-
nism of Rib in regulating the DJNK pathway negatively is currently unclear. Raw is a novel
protein and HNT is a Zn-finger protein;33,34 they are predominantly expressed in the
amnioserosa during DC. Since raw and hnt mutations cause ectopic DJNK activation in the
epidermis, these two proteins may be involved in the preparation of a ligand in the amnioserosa
that eventually inactivates a DJNK component located in the epidermis.

Two PDZ Domain Proteins
Mutations of genes encoding two PDZ domain-containing proteins, Canoe (Cno) and

Polychaetoid (Pyd)/ZO-1, also result in DC defects and loss of JNK signaling.35 Both dpp and
puc expressions are lost in cno mutant embryos. Cno pyd double mutant embryos show stronger
DC defects than that shown by either cno or pyd single mutant embryos. Cno may function at
the upstream of Drac1 because the constitutively activated form of Drac1 is capable of rescuing
the cno mutant phenotype. The mechanism by which Cno and Pyd activate the DJNK cascade
remains unknown.

Scaffold Proteins
A multidomain protein encoded by connector of kinase to AP-1 (cka) may serve as a scaffold-

ing molecule for the DJNK pathway.23 Embryos lacking the Cka protein show DC defects and
reduced dpp expression at LE, similar to the consequence of losing JNK pathway components.
Cka forms a complex with Hep (DJNKK), Bsk (DJNK), DJun, and DFos. Results from in
vivo genetic and cell culture experiments indicate that Cka binding to JNK pathway compo-
nents contributes to the functioning of the cascade. In cell culture, the complex formation
activates Bsk, which in turn phosphorylates and activates DJun and DFos. However, Cka is
distinct from scaffolding proteins of the mammalian JNK pathway, in acting as a two-step
scaffolding molecule that temporally and spatially organizes the cytosolic and nuclear compo-
nents of the DJNK pathway, thereby promoting an enhanced activation of these molecules. In
cytosol, Cka regulates the DJNK module by bringing Bsk in close proximity to its direct acti-
vator Hep. Available data suggest that upon Bsk activation, Cka is phosphorylated to release
the Bsk from the complex, which in turn enters into nuclei where it binds and phosphorylates
both DJun and DFos. In this aspect, Cka behaves like the yeast scaffolding protein Ste5, which
shuttles to the nucleus under certain physiological conditions to prevent kinase activation in
the cytosol.36

Drosophila Sunday Driver (syd) gene encodes a homologue of the mammalian scaffold pro-
tein JIP-3.37 As described below, SYD/DJIP-3 may couple JNK signaling to cargo transporta-
tion through assembling a complex of JNK pathway components. However, SYD only func-
tions in neurons and may be a brain-specific scaffolding molecule of the DJNK pathway.

The JNK Pathway Regulates Embryonic Dorsal Closure
After germband retraction in Drosophila embryogenesis, an opening of the epidermis is

formed at the dorsal side over the amnioserosa. In the subsequent DC process, the epidermis
moves across the amnioserosa to close the opening and generates a continuous dorsal epider-
mis.38,39 Cell shape changes of the postmitotic epidermis drive DC process.38 The two sym-
metric dorsal-most rows of epidermal cells first change shape during the initiation, then the
more lateral epidermal cells follow during spreading, and finally the two rows of LE cells fuse at
the dorsal midline to finish DC (Fig. 1).38 The DC process can be divided into three phases:
polarization of dorsal-most epidermal (DME) cells (initiation); actin-nucleating centers (ANCs)
formation and stabilization; and zippering and sealing.

Polarization of DME Cells
Towards the end of germband retraction, microtubules are still distributed all over the cyto-

plasm. The initiation of DC is marked by a dorsal-ventral axial alignment of tubulin bundles at
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the apical side in DME cells and a dorsal-ventral axial elongation of the DME cells.40 As the
DME cells are polarizing, large quantities of myosin and F-actin appear at the leading edge
(LE). The polarized reorganization of the DME cells is reminiscent of events that occur in
wing-hair planar polarity formation. Several proteins associated with planar polarity, including
Flamingo (Fmi), Frizzled (Fz) and Dishevelled (Dsh), also display polarized distribution in the
initiation of DC, whereas preceding the onset of DC, they are spread diffusely in the cytoplasm
and irregularly at the cell cortex. In both polarization of the DME cells and the planar polarity
formation of wing–hair, the polarization is initiated by an orientation of the microtubules.
Mutations in Wingless (wg) and dsh affect the polarization of the DME cells. However, further
experiments suggest that Wg signaling has a permissive rather than instructive role.40 In tissue
culture, it has been demonstrated that Cdc42-directed microtubule reorganizations play a key
role in cell polarity prior to cell migrations.41 However, studies in mutations suggest that cdc42
only affects later phases of DC.20

ANCs Formation and Stabilization
The initial accumulation of F-actin occurs at the site of adherens junctions between

amnioserosa and DME cells in the form of puncta, which grow over time and extend apically.40

Eventually, these punta become nucleation centers for the thick accumulation of F-actin and

Figure 1. Illustration of the three phases in Drosophila embryonic dorsal closure. Initiation begins at stage
13 (11 hr after egg laying). The leading-edge cells (blue) are dorsoventrally elongated. Spreading occurs from
stage 13 to stage 15, a 2-hr period. Zippering and sealing is the fusion of the leading-edge cells from opposite
sides at the dorsal midline. (Adapted from ref. 38 with copyright permission from Elsevier).
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are referred to as ANCs. The ANCs appear to organize the LE cytoskeleton to form filopodia
or lamellipodia for later-phase movement of the epidermis.

In hep mutants lacking JNK kinase, while the DME cells still polarize and Fmi and Fz also
begin to accumulate at the location of ANCs, Fmi and Fz immediately disappear from the
feeble ANCs afterwards. JNK signaling appears to affect the maturation and stabilization of
the ANCs but not the initial formation of the ANCs. JNK signaling is also required for stimu-
lating the formation of filopodia and lamellipodia at the LE.

Zippering and Sealing
Both phalloidin staining of fixed embryos and imaging of live embryos expressing GFP-tagged

actin show that the LE extends filopodia as well as lamellipodia during DC.39,42 As the LEs of
advancing epithelial sheets approach one another, the filopodia and subsequently lamellipodia
extending from the LE, seek out, engage, and interdigitate with one another to form weak
adhesions (Zippering). These filopodia then regress through actin depolymerization. Finally,
the DME cells from opposing side get close enough to form stable adhesion junctions and
finish DC (Sealing, Fig. 2).

The Mechanism of JNK Signaling in DC
It appears that the early dorsoventral patterning system must somehow activate the JNK

signaling through two Zn-finger transcriptional regulators, hnt and u-shaped (ush).43 Prior to
DC, the JNK signaling is initially active in both amnioserosa and epidermal LE cells (i.e.,
DME cells during DC process). However, the JNK signaling is down-regulated in the
amnioserosa, but not in the LE cells immediately preceding the initiation of DC.34,44 The JNK
activation in LE cells is independent of the hnt gene but dependent of the ush gene. The JNK
signaling is intact in the LE cells in hnt mutant embryos, whereas missing in ush mutant em-
bryos as indicated by the lack of dpp expression.34,44 The Hnt Zn-finger protein and the JNK
phosphatase/Puc are essential for downregulating the JNK signaling in amnioserosa. In both
hnt and puc mutant embryos, the JNK signaling persists in amnioserosa,34 which interferes
with the DC process and results in DC defects. Puc may contribute to the formation of focal
complexes/ANCs through downregulating the JNK signaling in the amnioserosa. It has been
shown that JNK activation results in nuclear localization of DFos and DJun, while
downregulation of the JNK signaling results in relocalization of DFos and DJun to the cyto-
plasm in the amnioserosa. It appears that formation of ANCs occurs at a boundary of high to
low JNK activity that may exist between the LE cells and the amnioserosa. Chic, another
downstream target, may also contribute to the formation of ANCs and actin-myosin cables at
the LE.

Mutations of genes for the components in the Dpp signal transduction pathway cause DC
defects; whereas overexpression of Dpp or a constitutively-activated form of Dpp receptor
significantly rescue the DC defects of Djun mutant embryos.11,13 It is without question that
the Dpp pathway plays an important role in DC. However, the early events of DC, such as the
polarization of DME cells and formation of ANCs, do not require the Dpp signaling.40 It is
proposed that Dpp signaling might downregulate the cytoskeleton at the segment border to
release an A-P axial tension that is generated by the epidermal dorsalward movement, therefore
allowing a continuous movement of the cell sheet to close the dorsal hole.45

Both Wg and Notch (N) pathways crosstalk with the DJNK pathway in DC.46,47 Embryos
deficient in the Wg pathway components show DC defects and reductions in dpp and puc
expression in the LE cells, while ectopic activation of the Wg pathway leads to an expansion of
dpp expression beyond the LE cells. Wg pathway-driven expression of dpp depends on JNK
pathway, since a constitutive activation of the Wg pathway can not promote dpp expression in
Dfos/kay mutant embryos.46 Further, Wg pathway is required for the initial formation of ANCs.40

Wg pathway may connect to the JNK cascade through the Dsh, as Dsh has been demonstrated
to activate the JNK pathway both genetically and biochemically.48
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In contrast, N mutant embryos show DC defects and ectopic expression of dpp and puc in
the epidermis. Embryonic extracts from N mutant embryos have a higher JNK activity and a
greater ability to phosphorylate Jun than do wild-type extracts.47 N signaling represses the JNK
cascade through a noncanonical pathway, possibly indirectly through the Wg pathway, as N
has been shown to inhibit Wg signaling independent of the canonical pathway.49,50

Figure 2. Filopodial function during Drosophila dorsal closure. a) Actin-rich filopodia (arrowheads) are
extending from epithelial fronts as they zipper up (arrow points to the zippering direction) in GFP-actin
expressing embryos. b) Scanning electron microscopy shows zippering protrusions. c) A transmission
electron microscopy section shows filopodial interdigitation (arrows) where the leading-edge cells con-
front one another at the midline (the section plane corresponds to the dashed line in a). d) Further back
from the zippering front, filopodia are regressing (arrows) and mature adherens junctions have formed
(asterisks). e) Illustration shows three stages of epithelial adhesions evolved from filopodial interactions:
i) weak adhesions are formed initially; ii) filopodia regress through actin depolymerization; iii) stable
adherens junctions are formed. (Adapted from Martin and Wood, Curr Opin Cell Biol 2002; 14:569-574;
with copyright permission from Elsevier.)
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Many questions still remain to be answered regarding the DC mechanism. How the three cell
types of cells, yolk cells, amnioserosa and DME, communicate and coordinate in the cell sheet
movement; how the actin-myosin networks respond to the JNK signaling and organize the driv-
ing forces for the movement; how the signaling is coordinated and relayed through the process?

JNK Pathway Regulates Cell Death

JNK Pathway Regulates Apoptosis
In Drosophila and mammals, cell death is largely regulated by extracellular ligands, a path-

way referred to as ‘extrinsic’. The tumor necrosis factor (TNF) is one of the major extracellular
ligands that can induce cell death in mammals. Eiger is a Drosophila homologue of mammalian
TNF and Wengen is the Eiger receptor.51-53 Targeted expression of Eiger in the eyes and wings
causes massive cell death and ablation of these organs in Drosophila. In Eiger-expressing tissues,
the DJNK/Bsk is phosphorylated and expression of puc, the downstream target of the JNK
pathway, is strongly induced. The cell death and tissue ablation phenotypes can be modified by
changing the JNK signaling. Reduction of protein activity by removing one gene copy of either
DTRAF1 (encoding the homolog of human TRAF2),52,54 msn, hep, or bsk suppresses
Eiger-induced apoptosis. Furthermore, puc expression is dramatically reduced in eiger mutant
eye discs, indicating that Eiger functions as a ligand for the DJNK signal transduction pathway
under physiological conditions. However, Djun is not required for the Eiger-induced cell death,
suggesting that Djun-mediated new gene transcriptions are not required for the cell death
stimulated by the Eiger-JNK pathway.

Different from the mammalian TNF, Eiger does not activate the caspase-8 pathway but
rather activates the JNK/caspase-9 pathway.52 Eiger-activated JNK signaling first upregulates
transcription of hid, which then activates the Drosophila Apaf-1/caspase-9 complex through
binding and inactivating the Drosophila inhibitor of apoptosis protein 1 (DIAP1). The Droso-
phila data suggest that the ancestral cell death is only regulated by a linear TNF-JNK/apoptosome
pathway. At some point during vertebrate evolution, the extrinsic signals (such as TNF) acti-
vate caspase-8, while JNKs activate caspase-9 in the intrinsic pathway; the two pathways con-
verge on the effector caspase-3 to execute cell death (Fig. 3).

JNK Pathway Regulates Anoikis
Anoikis, meaning homelessness in ancient Greek, was coined to describe the apoptosis that

occurs in cells detached from matrix (or those attached via wrong molecules). JNK signal trans-
duction pathway plays an important role in anoikis.55 The loss of integrin-mediated cell-matrix
contact induces anoikis in certain mammalian cell types.56 Anoikis is also conserved in Droso-
phila. During embryonic DC, integrins are expressed in the amnioserosa and yolk cell membrane,
required for assembly of an intervening extracellular matrix and for the attachment between these
two cell layers. Loss of integrin-dependent contact between yolk and amnioserosa results in
JNK-dependent programmed anoikis.57 In wings overexpression of tensin (blistery), an adaptor
linking integrin to actin filaments, reduces the wing size due to apoptosis through upregulating
JNK signaling.58 During fly wing development, Dpp and Wg signaling cooperatively regulate
proximodistal axis formation. Improper levels of Dpp and Wg signaling lead to aberrant morpho-
genesis in the respective wing zones that thus activates a JNK-dependent apoptosis.59

JNK Pathway in Other Processes
JNK pathway is also involved in many other biological processes, although it behaves not

exactly the same as in DC. Major evidence is briefly summarized.

Cargo Transportation
Emerging data indicate that defects in axonal transportation contribute to neurodegenerative

diseases, such as Alzheimer’s disease and Huntington’s disease.60 As the transport tracks, micro-
tubules are polarized with their minus ends aligned towards the cell body and their plus ends
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towards synaptic terminals. The plus end-directed motor kinesin transports cargos anterogradely
from cell body to the nerve terminal, while the minus end-directed motor dynein transports
cargos retrogradely. The kinesin and dynein motor proteins are linked to their membrane car-
gos through scaffolding proteins. It has been reported that the JNK signaling complex forms a
‘mobile signalsome’ that is actively transported in axons.60,61

Three scaffolding proteins for the JNK signaling pathway, the JNK-interacting proteins
(JIPs) JIP-1, JIP-2, and JIP-3, are identified as binding partners of the COOH terminus of
kinesin light chain in mammals.61 In Drosophila, mutations of syd and kinesin-1 cause similar
aberrant accumulations of axonal cargos.37 SYD directly binds the tetratricopeptide repeat
domain of kinesin light chain in biochemical experiments. Being the Drosophila homologue of
mammalian JIP-3, SYD/JIP-3 may represent an adaptor molecule for the transport of a subset
of axonal vesicles in brain.

Immune Response
As an invertebrate, Drosophila uses innate immunity to oppose microbial invaders. Two

major signaling pathways, Toll and Imd, are involved in the immune response.62 JNK signaling
is downstream of Imd, activated by dTAK1. If Drosophila SL2 cells are exposed to lipopolysac-
charides, the pathogen from gram-negative bacteria, the expression of JNK components and
puc is upregulated among the immediate early genes, as shown from microarray. In contrast,
such upregulation of certain JNK downstream target genes is abolished in hep mutation larvae
when exposed to septic injury.63 In addition, Drosophila S2 cells exposed to lipopolysaccharides
or treated by RNA interference show activation of JNK signaling.10,64 However, JNK signaling

Figure 3. Illustration of JNK-regulated apoptosis in mammals and Drosophila. Caspase-3 (casp-3) is the
downstream effector in both models. In Drosophila, JNK is downstream to TNF. In mammals, TNF and
JNK pathways are parallel in the upstream of casp-3. TNF signaling involves caspase-8, while JNK
signaling utilizes the cytochrome c (Cyt c) pathway in mitochondria.
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does not induce the production of antimicrobial peptides but rather activates the expression of
cytoskeletal proteins in the above models.

Lifespan
Consistent with being a stress responsive signaling, a higher level of JNK signaling extends

the lifespan of Drosophila adults. Puc heterozygotes live about 40% longer than wild-type flies
with the same genetic background. The load of oxidized proteins in the puc mutants is reduced
to about 50%, in line with the free radical theory of aging.65 Further, puc mutants show a
higher tolerance to paraquat treatment, an oxidative stress, in a hep-dependent manner. Ec-
topic expression of hep in neurons also increases the lifespan significantly, together with a re-
duction in neuronal sensitivity to paraquat treatment.65 JNK-regulated neuron death may con-
tribute to fly lifespan. Alternatively, JNK signaling may regulate fly lifespan through the insulin
signal transduction pathway. The identification and study of long-lived mutant animals in
model organisms, including Drosophila, suggest that a revolutionarily conserved, insulin-like
signaling network controls aging in all organisms.66-69

Oogenesis
In oogenesis, DFos is required for follicular cell migration and reorganization; and the

expression of the DFos gene is regulated by dpp.70 The morphogenesis of dorsal appendages
and micropyle is also controlled by JNK signaling in oogenesis.71,72

Planar Cell Polarity
All cells in the same plane are polarized to the same axis, a structure referred to as planar cell

polarity (PCP). PCP is represented in wing hairs, in ommatidia arrangement and in the orien-
tation of 8 photoreceptors in each ommatidium. The Fz/Dsh is the best known signaling re-
sponsible for PCP.73 A hypomorphic dsh1 allele causes disorientation of wing hairs and omma-
tidia;74 the latter phenotype is partially rescued by ectopic expression of Hep, Bsk or DJun.75

For a similar phenotype caused by the gain-of-function of Dsh, the ectopic expression of dys-
functional Hep, Bsk or DJun mutations is suppressive, suggesting JNK signaling is activated by
Dsh signaling in PCP. Further, Jun phosphorylation is stimulated by Dsh in cell culture assay.
In addition, both loss- and gain-of-function of Msn result in defective ommatidial polarity and
wing hair formation.76 However, loss-of-function of Hep or Bsk does not show a phenotype in
PCP, suggesting the JNK signaling involved in PCP is redundant to the other MAPK pathways
at the downstream of Dsh.75,77

Synaptic Plasticity
In response to a long-term stimulation during maturation or learning and memory process,

the synaptic activity will be enhanced due to change in gene expression level and modification
of focal proteins, a type of synaptic plasticity. Overexpression of both DJun and DFos together
in Drosophila larval neurons increases the synaptic strength and the bouton number by 30% at
the neuromuscular junction, while the expression of dominant-negative DJun and DFos causes
the opposite effect.78 Accordingly, both synaptic strength and bouton number are reduced if
Puc or dominant-negative Bsk is ectopically expressed to antagonize the JNK signaling.

Thorax Closure
In metamorphosis from larvae to pupae, epithelial cells in imaginal discs from both sides

undergo spreading, evagination and fusion to form a continuous epidermis, a process called
thorax closure (TC). Certain hep mutant flies are viable but show defects of incomplete meta-
morphosis at the anterior adult body—typically a clef at the dorsal midline of thoraces.8,15,79,80

The expression of puc was selectively reduced in the peripodial membrane of thoracic discs in
hep mutants, while ectopic expression of hep in the mutant discs induces puc expression. Puc
mutations or puc hemizygotes suppress the adult phenotype of hep mutants. The mutation of
the Dfos also causes split thoraxes.14,80
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Interestingly, in contrast to the regulation by JNK signaling in the LE cells in DC, dpp
expression is not affected in peripodial cells in hep adult mutants.79 Immunostaining further
shows that the phenotype at cellular level is different between hep and dpp mutations. Larval
epidermal cells detach from each other in hep mutants, while they remain intact under ectopic
expression of a dominant-negative form of Tkv, the Dpp receptor, although imaginal cells
spread in neither case.81 Therefore, JNK and Dpp signaling might be parallel in TC. If an
active form of Dcdc42 is expressed in imaginal discs using the UAS-GAL4 system, ectopic puc
expression and aberrant disc morphology are observed. Thus, small GTPases might also be
involved in JNK signaling in metamorphosis.

Wound Healing
In the case of wound healing, epithelia move across the wound area and form a new con-

tinuum of epidermis, sharing a high similarity with DC in embryogenesis. In adult flies, puc
expression is upregulated in epithelia adjacent to the wound site in a DFos-dependent manner,
shortly after the wound occurs. Hep phosphorylation is also increased, although dpp expres-
sion is maintained at the same level.82 In an embryo model, artificial wounds are created by
laser ablation or needle penetration; actin will then accumulates to form a cable structure in LE
cells in a RhoA-dependent manner to start the healing process. The wound will not be sealed if
Cdc42 function is disrupted,83,84 similar to the ordeal in DC failure.

Conclusion
The DJNK signal transduction plays an essential role in embryonic DC, in coordinating

with Dpp, Wg and N pathways to organize actin-myosin and microtubule networks for
step-by-step epithelial movement. The DJNK signaling is not restricted to DC. It has also been
demonstrated in many other physiological processes. An interesting question is whether the
JNK pathway employs the same cellular artillery in the less understood situations as in DC or
uses different machineries. In wound healing, JNK seems to use a DC-similar mechanism,
while in aging it may regulate the insulin signal transduction pathway in a way that is different
from its classic function in DC.

JNK signaling is self-contained as it induces Puc expression to negatively regulate itself.
Since JNK signaling interacts with other signaling, the expression and activity of Puc might
also be regulated by such signaling. In morphogenesis such as cell shape change and move-
ment, Dpp is targeted by JNK signaling. In JNK-mediated apoptosis and immune response,
the targets are not limited to Dpp. What are the other targets? In the upstream, the linkage
between small GTPases and JNK is not addressed yet. Physiological initiators of JNK signaling
in the various biological processes are elusive. Finally, microarray assay shows that a wide spec-
trum of genes are regulated by JNK signaling. Therefore, a persistent pursuit is the only option
to reveal more aspects of JNK signaling in development and stress/immune responses.
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CHAPTER 6

Regulation of Apoptosis by the JNK
Signaling Pathway
Anning Lin*

Abstract

Regulation of programmed cell death (apoptosis) is one of the biological functions of
JNK. Depending on the cell context and the stimulus, JNK can contribute to or
suppress apoptosis. In this chapter, I will review the pro- or antiapoptotic functions of

JNK in several model systems and discuss the molecular mechanisms underlying the action of
JNK in apoptosis and cell survival.

Introduction
c-Jun N-terminal protein kinase (JNK; also known as stress-activated protein kinase, SAPK)

is a subfamily of the mitogen-activated protein kinase (MAPK) superfamily.1 The JNK sub-
family has three isoforms (JNK1, 2 and 3), with at least 10 different slicing variants.2-4 While
JNK1 and JNK2 are ubiquitously expressed, JNK3 is mainly expressed in neurons.2-4 JNK was
discovered by virtue of its ability to phosphorylate the transcription factor c-Jun on its N-terminal
transactivation domain at two serine residues, Ser63 and Ser73 (see Chapter 1 in this book).5

The phosphorylation leads to stimulation of c-Jun transcription activity and transformation
ability.1,6,7 Subsequently, it has been reported that JNK also regulates the activity of other
transcription factors than c-Jun, including ATF2, Elk-1, p53 and c-Myc2-4,8 and nontranscription
factors, such as members of the Bcl-2 family (Bcl-2, Bim, and BAD).9-12 JNK is activated by a
variety of cellular signals, including proto-oncogenes, growth factors, cytokines, and UV irra-
diation.2-4 Like other MAPKs, activation of JNK is mediated by a MAP kinase module, i.e.,
MAP3K→ MAP2K → MAPK,5 through sequential protein phosphorylation. Two MAP2Ks
(JNKK1/MKK4/SEK1 and JNKK2/MKK7)13-16 and a group of MAP3Ks (MEKK, ASK1,
MLK, TAK1 and TPL-2)17-21 have been shown to be involved in JNK activation. JNK activity
can also be regulated by scaffold proteins such as JIP, β-arrestin and JSAP1, protein phos-
phatases, and the transcription factor NF-κB.2-4 It has been implicated that JNK plays a criti-
cal role in many physiological and pathological processes in multicellular organisms, such as
embryonic development, immune responses, tissue homeostasis, neuronal degeneration, via
regulation of cell growth, differentiation, transformation and programmed cell death (apoptosis).
This chapter will focus on the role of JNK in cell death and survival in several model systems,
with emphasis on the molecular mechanisms by which JNK promotes or suppresses apoptosis.
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5841 S. Maryland Avenue, MC 6027, Chicago, Illinois 60637, U.S.A.
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JNK and Apoptosis

JNK as a Proapoptotic Protein Kinase
Genetic and biochemical evidence shows that JNK activation is involved in the apoptotic

process. Sympathetic neurons isolated from mice deficient in Jnk1 and Jnk2, or Jnk3, were
resistant to apoptosis induced by withdrawal of nerve growth factor (NGF) or by the excitotoxic
glutamate-receptor agonist kainate treatment.22,23 Consistently, hippocampal neurons defi-
cient in Jip1, one of the putative scaffold proteins that regulate JNK activation, were resistant
to kainite-induced apoptosis.24 In vivo, Jnk1-/-Jnk2-/- mice had defects in neuronal apoptosis
during development.24,25 In addition to neurons, JNK has also been implicated in apoptosis of
other cell types. Numerous studies have shown that JNK is activated during apoptosis induced
by a variety of death signals, whereas inhibition of JNK activation suppresses or attenuates the
apoptosis process.3,4 It has been shown that in Jnk1-/- or Jnk1-/-Jnk2-/- mouse fibroblasts, UV or
TNF-α-induced apoptosis was severely impaired.26,27

Different JNK isoforms may play distinct roles in apoptosis. While Jnk1-/-Jnk2-/- mice ex-
hibited impaired apoptosis in certain brain regions,23,25 Jnk3-/- mice had normal neuronal
development.28 Interestingly, sympathetic neurons isolated from both mice were resistant to
apoptosis induced by NGF withdrawal or kainate treatment.22 It is possible that JNK1 and
JNK2, but not JNK3, are involved in developmental neuronal apoptosis, but all three JNK
isoforms are involved in neuronal apoptosis induced by environmental stresses. It has yet to be
determined why the neuronal specific JNK3 is not involved in neuronal apoptosis during de-
velopment.28 The proapoptotic effect of JNK1/JNK2 in neuronal development is unlikely
mediated by c-Jun, since there were no obvious defects in developmental neuronal apoptosis in
c-jun-/- mice.29 In fibroblasts, JNK1 and JNK2 play opposite roles in TNF-α or UV-induced
apoptosis. TNF-α or UV induced apoptosis was suppressed in Jnk1-/- fibroblasts but enhanced
in Jnk2-/- cells, due to the differential regulation of these two JNK isoforms by TNF-α and UV
(see discussion below).27

Regulation of the Proapoptotic Activity of JNK
The proapoptotic activity of JNK is regulated by a variety of factors. First of all, the

proapoptotic activity of JNK depends on cell types. JNK was proapoptotic in neurons and
fibroblasts in response to various death stimuli, such as NGF withdrawal, TNF-α and UV,22,26,27

but it was antiapoptotic in IL-3-dependent hematopoietic cells.12 While JNK was required for
anti-CD3-induced apoptosis in immature thymocytes, it was not involved in the apoptosis of
mature T cells.25,30 The proapoptotic activity of JNK is also affected by immortalization pro-
cess. JNK was dispensable for TNF-α-induced apoptosis in primary mouse embryonic fibro-
blasts (MEFs) in early passages (< 3).27 In contrast, JNK1 was required for TNF-α-induced
apoptosis in later passages (> 8) of primary MEFs or immortalized fibroblasts.27 These observa-
tions may reflect the different mode of TNF-α-induced apoptosis in these cells.27

Another major determinant of the proapoptotic activity of JNK is the nature of the death
stimulus. MEFs deficient in both Jnk1 and Jnk2 were resistant to apoptosis induced by UV,
anisomycin or MMS, but remained to be sensitive to anti-Fas/CD95 antibody.26 Immature
thymocytes deficient in Jnk2 or overexpressing a nonphosphorylatable JNK1(183A/185F)
mutant were resistant to anti-CD3 antibody-induced apoptosis, but were still sensitive to
anti-Fas/CD95 antibody, UV or dexamethasone-mediated cell death.31 It appears that only a
subset of death signals utilizes JNK to implement apoptosis in a cell type-dependent manner.

The duration of JNK activation also plays a critical role in determining the proapoptotic
activity of JNK. Previously, it was observed that prolonged JNK activation was correlated to
cell death induced by UV or γ-radiation.32 In addition, tyrosine phosphatase(s) inhibitors such
as vanadate also resulted in prolonged JNK activation and sensitized cells to TNF-α-induced
apoptosis.33 Recently, it was discovered that prolonged JNK activation contributes to
TNF-α-induced apoptosis when NF-κB activation is blocked.3,34,37 Conversion of JNK
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activation from prolonged to transient suppressed the apoptosis.35 However, prolonged JNK
activation is not sufficient to induce apoptosis (see discussion below).3,34 The molecular mecha-
nism by which prolonged but not transient JNK activation contributes to apoptosis has yet to
be elucidated.

It has long been speculated that the proapoptotic activity of JNK is regulated by other
signaling pathways. The best studied case so far is the inhibition by NF-κB on the proapoptotic
activity of JNK and TNF-α-induced apoptosis. In fibroblasts deficient in IKKβ or NF-κB/
RelA, where NF-κB activation by TNF-α is impaired, TNF-α induced prolonged JNK activa-
tion and apoptosis.34-36 TNF-α also induced prolonged JNK activation and apoptosis in the
presence of protein synthesis inhibitors, such as cycloheximide (CHX), which abrogate the
activity of the transcription factor NF-κB.34 These observations demonstrated that in normal
cells, in which NF-κB and JNK are simultaneously activated by TNF-α, NF-κB induces ex-
pression of inhibitors that suppress JNK activation.3,37 However, the molecular mechanism
underlying the inhibition of JNK by NF-κB is still incompletely understood. Transfection
experiments have suggested that X-chromosome-linked IAP (xiap) and growth arrest and DNA
damage β (gadd45β), both of which are NF-κB target genes, may mediate the inhibition of
JNK by NF-κB.3,37 However, TNF-α-induced JNK activation was not affected by inactivation
of either gene in mouse fibroblasts (Minemoto Y. and Lin A, unpublished results).37-39 It is
possible that XIAP and Gadd45β may compensate with each other or the true inhibitor(s) is
still at large. Recently, it has been shown that NF-κB may induce anti-oxidants to eliminate
reactive free radicals (ROS).40 However, the earliest accumulation of ROS that can be detected
takes about ninety minutes while NF-κB-mediated inhibition of JNK occurs as early as thirty
minutes after TNF-α stimulation (Kim K, and Lin A, unpublished results).40,41 Thus, ROS
may be only responsible for the late phase (> 90 min) of prolonged JNK activation.

Several components in TNF-α signaling pathway have been proposed to be targeted by
NF-κB-mediated inhibition. Although earlier studies did not find JNK itself as a target of
NF-κB-mediated inhibition,34 it has been shown recently that NF-κB inhibits ROS accumu-
lation, which otherwise promotes JNK activation.42 In the absence of NF-κB activation, TNF-α
induces accumulation of ROS, which in turn inactivates several MKPs, resulting in sustained
JNK activation and apoptosis.42 Whether JNK-activating kinase (JNKK1/MKK4 and JNKK2/
MKK7) is targeted by NF-κB-mediated inhibition is controversial. Activation of JNKKs
(JNKK1/MKK4 and JNKK2/MKK7) by TNF-α was prolonged when NF-κB activation was
blocked (Minemoto Y, Kim OK, and Lin A, unpublished results). This suggests that
NF-κB-mediated inhibition may also act at or above JNKK. While both JNKKs are common
components shared by TNF-α, IL-1 and UV signaling pathways, NF-κB only inhibits JNK
activation by TNF-α but not by IL-134 or UV (Minemoto Y, Kim OK, and Lin A, unpub-
lished results). Thus, JNKK2/MKK7 is unlikely to be directly targeted by NF-κB-mediated
inhibition. It also has been reported that TAK1 is targeted by NF-κB-mediated inhibition in
drosophila.43 However, inhibition of TAK1 also affected activation of another MAPK p38,
whose activity is not significantly affected by NF-κB inhibition.34 It remains to be determined
whether TAK1 is negatively regulated by NF-κB in mammalian cells. Taken together, it is
likely that NF-κB may inhibit prolonged JNK activation via multiple mechanisms.

Models for Studying the Role of JNK in Apoptosis

JNK Is Essential for UV-Induced Apoptosis
An important model for studying the proapoptotic function of JNK is UV-

irradiation-induced apoptosis. UV induces apoptosis via the intrinsic death pathway. UV is
probably the strongest activator of JNK, usually inducing prolonged JNK activation.5 Genetic
evidence shows that JNK is essential for UV-induced apoptosis.26,27 In MEFs deficient in both
Jnk1 and Jnk2, UV-induced apoptosis was inhibited.26 Recently, it has been shown that only
JNK1 is required for UV-induced apoptosis in fibroblasts.27 UV-induced apoptosis was
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significantly impaired in Jnk1 null immortalized mouse fibroblasts.27 In contrast, Jnk2 null
fibroblasts were as sensitive as wildtype cells to UV-induced apoptosis.27 This is because that
UV differentially activates these two JNK isoforms: while JNK1 was significantly activated by
UV, activation of JNK2 by UV was greatly reduced.27 Furthermore, JNK2 even interfered with
JNK1 activation by UV in WT cells, probably via competition with JNK1 for upstream activa-
tor.27

Whether the proapoptotic function of JNK in fibroblasts is mediated by its downstream
effector c-Jun in UV-induced apoptosis was controversial. It was reported that c-Jun phospho-
rylation and activation are required for UV-induced apoptosis. c-junAA63/73/c-junAA63/73 MEFs,
in which the JNK phosphorylation sites Ser63 and Ser73 in c-Jun were replaced by
nonphosphorylatable alanines (Ala), were insensitive to UV-induced cell death.44 This notion
was further supported by the finding that in response to UV, c-Jun inhibited p53-mediated cell
cycle arrest, thereby promoting p53-mediated apoptosis.45 In contrast, it was reported that the
proapoptotic role of JNK in UV-induced apoptosis was independent of c-Jun-mediated tran-
scription, as UV-induced apoptosis was not affected by the protein synthesis inhibitor cyclo-
heximide or the mRNA synthesis inhibitor actinomycin D.26 This controversy is likely caused
by the different doses of UV irradiation used in these studies.26,44,45 Recently, we found that
c-Jun partially restored the apoptosis response of Jnk1 null fibroblasts when cells were exposed
to low dose of UV but failed to do so when cells were irradiated with high dose of UV.27 At low
dose of UV, p53 is activated and in turn it induces apoptosis when its inhibition on cell cycle is
blocked by c-Jun.45 Under this condition, c-Jun is involved in UV-induced apoptosis.27,45

However, at high dose, UV does not induce cell cycle arrest, thereby c-Jun could not inhibit the
high dose of UV-induced apoptosis.27 Thus, c-Jun transcription activity is required for low
dose of UV-induced apoptosis, but is dispensable for high dose of UV-induced apoptosis.

JNK Contributes to TNF-α-Induced Apoptosis
Another important model for studying the proapoptotic function of JNK is TNF-α-induced

apoptosis. As a pleiotropic proinflammatory cytokine, TNF-α activates multiple signaling path-
ways, such as IκB kinase (IKK), JNK and caspases, thereby it regulates numerous biological
activities, including apoptosis.3,37,46 While caspase activation is required for apoptosis, activa-
tion of IKK inhibits apoptosis through the transcription factor NF-κB, whose target genes
include members of inhibitors of apoptosis (IAPs) family.37,47 Therefore, unlike UV, TNF-α
only induces cell death when NF-κB activation is inhibited.37 Recently, it has been discovered
that NF-κB-mediated inhibition of JNK activation is also required for suppression of
TNF-α-induced apoptosis.3,27,34-37,42

TNF-α-induced cell death has characteristics of both apoptosis and necrosis. It is debatable
whether JNK contributes to TNF-α-induced apoptosis or necrosis in the absence of NF-κB
activation.34,42,48 Recently, it has been postulated that JNK activation inhibited TNF-α-induced
apoptosis but promoted TNF-α-induced necrosis.48 In contrast, inhibition of JNK by its spe-
cific inhibitor SP600125 did not affect TNF-α-induced, reactive oxidant species (ROS)-mediated
necrosis when NF-κB activation was blocked.41 This suggests that JNK may not be required
for TNF-α-induced necrosis. Furthermore, in fibroblasts deficient in RelA or IKKβ,
TNF-α-induced cell death was significantly blocked by the pan caspase inhibitor z-VAD (Kim
K, Tang G, Dibling B and Lin A, unpublished results). This observation shows that JNK
contributes to TNF-α-induced apoptosis, rather than necrosis, in the absence of NF-κB acti-
vation.

The JNK1 isoform, but not JNK2, contributes to TNF-α-induced apoptosis.27 Like UV,
TNF-α also significantly activates JNK1 but not JNK2.27 Consequently, TNF-α induced
apoptosis was significantly impaired in Jnk1-deficient immortalized mouse fibroblasts when
NF-κB activation was blocked.27 In contrast, Jnk2 null fibroblasts were even more sensitive to
TNF-α-induced apoptosis when compared to wildtype cells.27 This result strongly supports
the conclusion that when NF-κB activation is blocked, JNK (JNK1) contributes to
TNF-α-induced apoptosis, rather than necrosis.
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The Molecular Mechanisms by Which JNK Contributes to Apoptosis

The “Intrinsic Component of Mitochondria-Dependent Death Pathway”
Model

Numerous reports have shown that JNK is involved in apoptosis induced by various death
stimuli.2,3,4 Jnk1-/- Jnk2-/- MEFs were resistant to UV-induced apoptosis, since UV was unable
to induce the release of cytochrome C or the depolarization of mitochondrial membrane po-
tential.26 These observations lead to the hypothesis that JNK is an intrinsic component of the
mitochondria-dependent death pathway in apoptosis induced by stresses, such as UV, anisomycin
and MMS.26 Consistent with this hypothesis, it was reported that purified active JNK was able
to induce cytochrome c release from purified mitochondria49 and that microinjection of the
constitutively active JNKK2-JNK1 fusion protein in CHO cells was sufficient to induce
apoptosis.50 How activation of JNK induces apoptosis is not clear. It has been reported that the
proapoptotic Bcl-2 family protein BAX and BAK are essential for JNK-induced apoptosis since
activated JNK was unable to induce apoptosis in fibroblasts deficient in both BAX and BAK.50

Yet, it has to be determined whether BAX and BAK are indeed the downstream effectors of
JNK. Another study has suggested that JNK may induce apoptosis via phosphorylation of the
proapoptotic Bcl-2 family protein BIM but the physiological significance of the phosphoryla-
tion remains to be determined.11 In contrast, overexpression of the constitutively active
JNKK2-JNK1 fusion protein alone did not induce apoptosis in RelA-/- fibroblasts34 or in other
cells including wildtype or Ikkβ-/- fibroblasts and HeLa cells (Tang G, Kim K, and Lin A,
unpublished results). Furthermore, no increased caspase activation or DNA fragmentation
occurred in cells that express the constitutively active JNK when compared to cells that express
control vector or a kinase-deficient JNKK2(K149M)-JNK1 mutant construct (Tang G, Kim
K, and Lin A, unpublished results). Further studies are needed to determine whether JNK
activation is sufficient to induce apoptosis or only promotes apoptosis.

The “Breaking the Brake on Apoptosis” Model
Accumulating evidence suggests that JNK may modulate, but not induce, apoptosis. The

best studied case so far is the regulation of TNF-α induced apoptosis by JNK activation. In the
absence of NF-κB activation, TNF-α induces apoptosis via activation of caspases and pro-
longed JNK activation.3,34,35,37,42 Recently it has been shown that JNK1, but not JNK2, is
activated by TNF-α and only JNK1 is required for TNF-α induced apoptosis in the absence of
NF-κB activation.27 In contrast, JNK2 activation by TNF-α was negligible and JNK2 even
interfered with TNF-α induced JNK1 activation.27 Consistently, Jnk2-/- fibroblasts were more
sensitive to TNF-α induced apoptosis than WT fibroblasts.27 Under certain circumstances,
cells undergo apoptosis despite having transient JNK activation or were resistant to apoptosis
even having prolonged JNK activation (Liu J, and Lin A, unpublished results). Thus, pro-
longed JNK activation may only promote apoptosis. It is possible that JNK may function as a
regulator to “break the brake” on apoptosis (Fig. 1). This hypothesis is supported by a recent
report that prolonged JNK activation resulted in proteolysis of BID.52 jBID, the novel pro-
teolytic fragment of BID was shown to specifically induce the release of Smac, but not cyto-
chrome c, from mitochondria. Subsequently, Smac displaced caspase8 inhibitor c-IAP1 from
TNF-receptor 1 complex, thereby allowing the initiation of apoptosis.51 However, it has yet to
be determined how prolonged, but not transient JNK activation leads to proteolysis of BID
and whether jBID indeed mediates the proapoptotic effect of prolonged JNK activation in
vivo. Future studies are needed to determine whether the model of “breaking the brake on
apoptosis” can explain the proapoptotic role of prolonged JNK activation in apoptosis induced
by other death stimuli.
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JNK and Cell Survival

JNK Is Involved in Cell Survival
Despite of its involvement in the process of apoptosis, JNK is not just a proapoptotic pro-

tein kinase. Although JNK is activated by many extracellular stimuli, only some of which
induce apoptosis. As discussed above, JNK may promote, rather than induce, apoptosis. Evi-
dence has been accumulated that JNK is also involved in cell survival or antiapoptosis. Genetic
evidence shows that in Jnk1-/-Jnk2-/- mice, E10.5 hindbrain and forebrain regions had aug-
mented apoptosis.27 This suggests that JNK may be required for cell survival in these brain
regions during development, although the underlying molecular mechanism has yet to be de-
termined. In addition, it has been reported that Jnkk1-/- immature thymocytes and peripheral
mature T cells were highly sensitive to Fas/CD95 and CD3-mediated apoptosis, suggesting the
JNK pathway may be involved in survival of these cells.31

The Molecular Mechanism by Which JNK Suppresses Apoptosis
How JNK suppresses apoptosis is incompletely understood. Recent studies show that JNK

may suppress apoptosis via phosphorylation and inactivation of the proapoptotic Bcl-2 family
protein BAD.12 In IL-3-dependent hematopoietic cells, in which IL-3 is a survival factor that
induces phosphorylation of the pro-apoptotic Bcl-2 family protein BAD. This leads to the
sequestration of phosphorylated BAD by the cytoplasmic anchorage protein 14-3-3, thereby
preventing inactivation of the pro-survival Bcl-2 family protein Bcl-xL (Fig. 2).57 Previously, it
has been shown that IL-3-induced phosphorylation of BAD is mediated by Akt and
mitochondria-membrane anchored PKA, which phosphorylate BAD at the regulatory serines
(Ser112, Ser136 and Ser155).58 Recently, it has been shown that the survival role of IL-3 is also
mediated by JNK.12 In IL-3 dependent hematopoietic cells, the activity of JNK was decreased
upon IL-3 withdrawal but stimulated by IL-3 readdition.12 Inhibition of JNK enhanced IL-3

Figure 1. The “breaking the brake” on apoptosis model that explains the role of JNK activation in TNF-α
induced apoptosis. A) While caspase activation initiates and executes apoptosis, prolonged JNK activation
promotes apoptosis by inactivating suppressors of the mitochondrial-dependent death pathway, i.e., break-
ing the brake on apoptosis. Activation of NF-κB by TNF-α blocks caspase activation and prevents pro-
longed JNK activation, thereby inhibiting TNF-α induced apoptosis. B) Inactivation of NF-κB removes
inhibition on both caspases and JNK, allowing TNF-α to induce apoptosis.
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withdrawal-induced apoptosis, whereas a constitutively active JNK suppressed IL-3
withdrawal-induced apoptosis.12 In contrast to Akt and PKA, who phosphorylate BAD at the
regulatory serines, JNK phosphorylated BAD at a novel Thr201 residue.12 Phosphorylation of
BAD at Thr201 by JNK decreased the association between BAD and Bcl-xL and replacement
of Thr201 by the nonphosphorylatable alanine increased the pro-apoptotic activity of BAD.12

More recently, we found that cotransformation of the constitutively active JNK with BAD
significantly reduced its association with Bcl-xL in yeast (Kim K, and Lin A, unpublished re-
sults). In contrast to an early report,59 JNK does not phosphorylates BAD at Ser128 and phos-
phorylation of Ser128 has no effects on JNK-dependent apoptosis (Zhang J, Liu J, Yu C, and
Lin A, submitted). Taken together, JNK suppresses IL-3 withdrawal-induced apoptosis via
phosphorylation and inactivation of the proapoptotic Bcl-2 family protein BAD. The
antiapoptotic function of JNK may provide a molecular mechanism by which JNK contributes
to B lineage lymphoma/leukemia.12 Future studies will elucidate how JNK inhibits apoptosis
induced by other death stimuli.

JNK Contributes to Tumorigenesis via Regulation of Apoptosis
The pro- or anti-apoptotic functions of JNK can affect tumorigenesis. It has been reported

that specific anti-sense oligonucleotides of JNK (JNKAS) suppressed growth of certain types of
tumor cells, likely via promotion of apoptosis.52,53 Interestinly, JNKAS suppressed growth of
certain p53-deficient, but not p53 positive, tumor cells.54 Given the fact that activation of the
JNK pathway inhibits p53-induced cell cycle arrest, thereby contributing to p53-induced
apoptosis,36 JNK may only be able to exert its anti-apoptotic function in p53-deficient tumor
cells.

Another example is that tumor promoter 12-O-tetradecanolyphorbol-13-acetate
(TPA)-induced skin papillomas were suppressed in Jnk2-/- mice, due to enhanced apoptosis,55

while TPA-induced skin tumors were augmented in Jnk1-/- mice.56 However, the underlying
molecular mechanism is not clear. Recently, it has been shown that like TNF-α and UV, TPA
only significantly activates JNK1, which is involved in apoptosis. In contrast, JNK2 was poorly
activated by TPA and it also interfered with JNK activation.27 Thus, the distinct role of JNK1
and JNK2 on TPA-induced skin papillomas may be due to the differential regulation of JNK1
and JNK2 by TPA.

Figure 2. JNK suppresses apoptosis in IL-3-depedent cells via phosphorylation of the pro-apoptotic Bcl-2
family protein BAD. In IL-3-dependent hematopoietic cells, IL-3 activated JNK phosphorylates BAD at
Thr201. The phosphorylation results in reduced association of BAD with Bcl-xL, thereby suppressing
apoptosis.
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Conclusions
JNK can contribute to or suppress apoptosis in a cell type and death stimulus-dependent

manner. Although JNK activation is required for apoptosis induced by certain death stimuli,
such as UV and TNF-α, it is most likely that JNK is a modulator of apoptosis, rather an
intrinsic component of the apoptotic machinery. Future studies will elucidate the mechanism
by which JNK contributes to apoptosis and identify the physiological relevant target(s) of JNK
in apoptosis. JNK activation suppresses apoptosis induced by IL-3 withdrawal via phosphory-
lation and inactivation of the proapoptotic Bcl-2 family protein BAD. However, it has yet to be
determined how JNK suppresses apoptosis induced by other death signals. Investigation of the
molecular mechanisms by which JNK regulates cell death and survival should shed light on the
JNK biology.
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CHAPTER 7

Oxidative Stress, JNK Activation
and Cell Death
Han-Ming Shen and Zheng-gang Liu*

Abstract

C-Jun N-terminal kinase (JNK) is one of the three groups of mitogen-activated protein
(MAP) kinases that are readily activated by many environmental stimuli including
oxidative stress, which refers to the imbalance between enhanced level of reactive oxy-

gen species (ROS) and impaired anti-oxidant defense system. In recent years, an increasing
amount of literature has unveiled many important aspects of the regulatory role of ROS in
JNK activation. In this Chapter we will first discuss some recent findings regarding the signal-
ing mechanisms of ROS-mediated JNK activation. Second, we will talk about the role of JNK
in ROS-mediated cell death (both apoptosis and necrosis) and the diverse signaling pathways
involved in the different modes of cell death. Finally, we will analyze the emerging evidence for
the involvement of ROS as mediators in the cross-talk between JNK and NF-κB signaling
pathway elicited by tumor necrosis factor (TNF). Taken together, advances in understanding
the ROS-JNK signaling pathway have shed light on the complex processes deciding the cellular
responses to environmental stress.

Introduction
c-Jun N-terminal kinases (JNK) (also known as stress-activated protein kinases) form an

important subgroup of the mitogen-activated protein (MAP) kinases superfamily. JNK has
three isoforms (JNK1, JNK2 and JNK3) encoded by three genes. The jnk1 and jnk2 genes are
ubiquitously expressed, while jnk3 is found to be neural specific.1 The specific molecular tar-
gets of JNK include transcription factor AP-1 (c-Jun, JunB, JunD and ATF-2), p53 and c-Myc,1,2

as well as many other nontranscription factors such as Bcl-2 family members.3 The involve-
ment of JNK in controlling diverse cellular functions such as cell proliferation, differentiation,
and apoptosis are based on phosphorylation and functional modification of these molecules in
stimuli and cell-type dependent manners.

Similar to other members of the MAPK family, JNK activation is mediated by the mamma-
lian MAPK modules comprising MAP kinase kinase kinase (MAPKKK), MAP kinase kinase
(MPAKK) and MAPK. JNK is phosphorylated and activated by two MAPKKs (JNNK1/MKK4/
SEK1 and JNKK2/MKK7) which possess dual specificity on Thr183 and Tyr185. Upstream of
JNKK1 and JNKK2, several MAPKKKs have been identified, including MEK kinase 1
(MEKK1), apoptosis signal-regulating kinase (ASK1), mixed-lineage kinase (MLK), transform-
ing growth factor-beta-associated kinase (TAK1) and TPL2/Cot.4 Although the physiological
relevance of all these MAPKKKs in controlling JNK activation is not completely clear, studies

*Corresponding Author: Zheng-gang Liu—Cell and Cancer Biology Branch, Center for Cancer
Research, National Cancer Institute, National Institutes of Health, 9000 Rockville Pike,
Bethesda, Maryland, U.S.A. Email: zgliu@helix.nih.gov

The JNK Signaling Pathway, edited by Anning Lin. ©2006 Eurekah.com.



The JNK Signaling Pathway74

on genetic deletion of these genes have suggested that different stimuli may act through differ-
ent MAPKKKs to initiate the JNK signaling pathway.5-7

JNK are primarily activated by various environmental stresses, including osmotic shock,
UV radiation, heat shock, oxidative stress, protein synthesis inhibitors, chemotherapeutic agents,
cell death ligand Fas, and proinflammatory cytokines such as tumor necrosis factor-α (TNFα)
and interleukin-1 (IL-1). Among them, oxidative stress appears to be particularly important.

Oxidative stress has been defined as an imbalance between the elevated level of reactive
oxygen species (ROS) and impaired function of the anti-oxidant defense system.8 ROS usually
include superoxide anion, hydroxyl radicals and hydrogen peroxide (H2O2) that are capable of
reacting with and damaging various molecular targets including DNA, protein and lipid. More
importantly, ROS have been found to act as signaling molecules involving in various cellular
signaling pathways as a model of redox regulation.9,10 In this chapter, we aim to discuss recent
findings on the regulatory role of ROS in JNK activation, especially on the following aspects:
(i) the molecular mechanisms of ROS-mediated JNK activation process, (ii) the role of JNK in
oxidative stress-mediated cell death (both apoptosis and necrosis), and (iii) the involvement of
ROS in the cross-talk between JNK and NF-κB in TNF-induced cell death.

ROS-Mediated JNK Activation

JNK Activation Induced by Both Exogenous and Endogenous ROS
It is known that ROS are potent inducers of JNK. Most reports on ROS-induced JNK

activation are resulted from using exogenous ROS, mostly H2O2.11 Although H2O2 is a
relatively weak oxidant comparing to other ROS such as hydroxyl radicals, it has emerged as a
particularly important signaling molecule based on its unique biochemical properties: H2O2
is ubiquitously present in the biological system with a relatively long half-life; and more impor-
tantly H2O2 is soluble in both lipid and aqueous environments, and thus, capable of reaching
its cellular targets when applied extracellularly.12,13 In addition, JNK activation was also ob-
served in cells treated with some direct ROS precursors such as menadione which gives rise to
superoxide radical upon intracellular metabolism.14,15 However, perhaps biologically more
important are endogenously generated ROS that also readily activate JNK, a process often to
be critical in determining the fate of the cell.10,16 Enhanced ROS production is frequently
observed in cells exposed to many stimuli such as UV,17,18 ionizing radiation,19 cancer chemo-
therapeutics,20,21 and TNFα.22 The main source of intracellularly generated ROS is believed to
be mitochondria. It has been estimated that nearly 2% of the total oxygen consumed by mito-
chondria leaks as partially reduced free oxygen radicals.23 Another important source of intrac-
ellular ROS is the NADPH oxidase system which is known to be responsible for the respiratory
burst microbicidal function in phagocytes. A low level of NADPH oxidase is also present in
nonphagocytes and generates ROS with important roles with distinctive cellular functions
including signal transduction.24,25 Currently direct evidence is available linking ROS produced
from NADPH oxidase to JNK activation in cells with various stimuli.26,27

Signaling Pathways Connecting ROS with JNK Activation
After the link between ROS/oxidative stress and JNK activation has been established, the

main challenge is to elucidate the molecular mechanisms of ROS-mediated JNK activation. At
present, a number of signaling pathways have been defined, one of them involves the MAP3K,
ASK1. ASK1 is a ubiquitously expressed MAP3K that activates both JNK and p38 by phos-
phorylating and activating respective MAPKKs (JNKK1/MKK4, JNKK2/MKK7, MKK3 and
MKK6).28,29 ASK1 appears to be a specific target for ROS as oxidative stress readily activates
ASK1 while suppresses MEKK1 by glutathionylation.30 In the search of the molecular mecha-
nism in ASK1 activation, Saitoh et al identified thioredoxin as the internal inhibitor of ASK1.31

Thioredoxin is an important cellular redox regulatory protein32 and such discovery thus di-
rectly links ROS and oxidative stress with ASK1 activation. The activity of ASK1 depends on
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the redox status of thioredoxin, and only the reduced form of thioredoxin, but not the oxidized
form, is capable of binding to ASK1 and blocking its kinase activity. In the presence of ROS,
the oxidized thioredoxin dissociates from ASK1 and therefore activates ASK1 by inducing
oligomerization and subsequent phosphorylation of a critical threonine residue within the ac-
tive loop of ASK1.31,33,34 In addition, other function of thioredoxin on ASK1 has also been
observed. A recent study demonstrated that thioredoxin is capable of promoting ASK1
ubiquitination and degradation to inhibit ASK1-mediated JNK activation and apoptosis.35

Therefore, it is believed that the thioredoxin-ASK1 system serves as the molecular switch that
converts redox signal to kinase activation. Additional mechanisms controlling ASK1 activation
by ROS have also been proposed. For instance, a recent study revealed that ROS are able to
activate ASK1 through its dissociation with the docking protein 14-3-3.36 Protein phosphatase
5 (PP5) has been found to be another important internal inhibitor of ASK1. In response to
ROS, it specifically binds to the activated form of ASK1 to block the ASK1-MKK4-JNK sig-
naling cascade and to protect cell death.37,38

In addition to ASK1, other signaling pathways connecting ROS to JNK have also been
suggested. There is evidence that Src kinase is an important redox-sensitive pathway for JNK
activation.39 It has been reported that either genetic disruption of Src or inhibition of Src
kinase activity leads to specific suppression of JNK activation by H2O2, but not ERK and
p38.39 This finding is supported by another study in which Src was demonstrated as an up-
stream activator of JNK in endothelial cells treated with H2O2.40 Currently, the exact signal-
ing pathway from Src to JNK remains to be further elucidated. One clue is the role of Gab1, a
docking protein downstream of epidermal growth factor receptor (EGFR) signaling. Upon
H2O2 exposure, Gab1 is phosphorylated and binds to Src homology 2 (SH2)-containing
protein-tyrosine phosphatase (SHP2), a critical step leading to specific activation of JNK, but
not ERK or p38.41 UV-induced JNK activation has also been found to follow a similar path-
way.42

Another interesting signaling pathway in ROS-mediated JNK activation is the role of glu-
tathione S-transferase Pi (GSTp). The monomeric form of GSTp binds to the c-terminal of
JNK and suppress its kinase activity.43 H2O2 treatment caused GSTp oligomerization and
dissociation of the GSTp-JNK complex, leading to JNK activation.44 It is worth mentioning
that the effect of GSTp on JNK is independent of the MEKK1-MKK4 module, different from
other signaling pathway as discussed above. Taken together, it is believed that ROS and oxida-
tive are capable of modulating JNK activation via multiple signaling pathways.

JNK Activation in Oxidative Stress-Induced Cell Death

JNK Activation in Oxidative Stress-Induced Apoptosis
ROS and oxidative stress are known as apoptosis triggers and modulators.45,46 Exogenous

ROS such as H2O2 at moderate level induces apoptosis in many types of cells.16 Endog-
enously produced ROS have also been found to be important in the apoptotic cell death pro-
cess triggered by many other stimuli such as UV, ionizing radiation and cancer therapeutical
drugs.45 Since ROS themselves are not able to activate, but rather, to suppress redox-sensitive
caspase activation,16 ROS-induced apoptosis requires the participation of other cell death sig-
naling pathways, including JNK. Extensive research on JNK has demonstrated that JNK serves
as an important pro-apoptotic mechanism in oxidatively stressed cells. First, JNK is readily
activated by ROS via distinct signaling pathways (as discussed earlier in this chapter). Second,
suppression of JNK by either genetic or pharmacological approaches offers significant protec-
tion against apoptosis induced by ROS. For instance, ASK1-/- cells are resistant to
H2O2-induced apoptosis.34 Similar resistance was also found in cells with overexpression of
dominant negative mutant of JNK.47 Some antioxidants such as seleno-compounds are able to
block H2O2-induced apoptosis via inhibition of ASK1-JNK.48,49
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The next important question is how activated JNK leads to apoptosis. Currently many
studies have suggested that mitochondria are the main site of action for JNK in apoptosis. The
most conclusive evidence is from a study using primary murine embryonic fibroblasts with
deletion of both JNK1 and JNK2.50 Those cells are found to be resistant to UV-induced apoptosis
due to defect in the mitochondrial death signaling pathway, including the failure to release
cytochrome c. In support, it has been found that active JNK is able to induce the release of
apoptogenic factors such as cytochrome c from isolated mitochondria in a cell-free assay.51

Mitochondria translocation of JNK occurs in stressed cells,52 and thus mitochondrially local-
ized JNK provides the proximity to mitochondria-generated ROS and many apoptosis regula-
tory proteins such as Bcl-2 family proteins.51,53,54 Bcl-2 family proteins are a major group of
apoptosis regulatory factors closely associated with mitochondria. Currently there is accumu-
lating evidence suggesting that the pro-apoptotic activity of JNK is executed via regulation of
Bcl-2 family members. For instance, JNK can phosphorylate and inhibit the anti-apoptotic
function of Bcl-255 and myeloid cell leukemia 1 (Mcl-1).56 Moreover, JNK is capable of en-
hancing the function of pro-apoptotic Bcl-2 family members, via conformational changes and
mitochondrial translocation of Bax,57,58 phosphorylation of Bim and Bmf.54,59 Therefore, it is
believed that the Bcl-2 family proteins provide a molecular link between the JNK and the
mitochondrial apoptotic machinery.

JNK Activation in Oxidative Stress-Induced Nonapoptotic Cell Death
It is believed that oxidative stress or ROS are capable of inducing either apoptosis or necro-

sis and the mode of cell death is determined by various factors, including the extent of oxida-
tive stress, the cell type, and the nature of the cell signaling pathway elicited by ROS.60,61 In
comparison to oxidative stress-mediated apoptosis, the signaling pathway controlling oxidative
stress-induced necrotic cell death is poorly understood. One question is whether JNK is also
involved in ROS-induced necrotic or nonapoptotic cell death. If so, will JNK be activated via
a similar mechanism as ROS-induced apoptotic cell death? A recent study in our laboratory has
shed light on this mystery.62 In mouse embryonic fibroblasts (MEF) with deletion of
receptor-interacting protein (RIP) or tumor necrosis factor receptor-associated factor 2 (TRAF2),
H2O2-induced JNK activation was significantly impaired and both rip-/- and traf2-/- MEF
cells were resistant to H2O2-induced caspase-independent cell death. It is thus believed that
both RIP and TRAF2, two critical effector molecules in TNF signaling, are important up-
stream regulators in H2O2-mediated JNK activation and nonapoptotic cell death. Moreover,
such a JNK activation pathway is independent of ASK1-MKK4/MKK7, but rather relies on
the direct protein-protein interaction between RIP/TRAF2 and JNK1, probably via
colocalization in membrane lipid rafts upon H2O2 treatment. Therefore, data from our study
provide a novel signaling pathway controlling ROS-induced JNK activation. Future work is
required to identify the molecular targets of JNK implicated in ROS-induced necrotic/
nonapoptotic cell death.

Distinct Roles of JNK1 and JNK2 in Oxidative Stress-Mediated Cell Death
Although the two ubiquitously expressed JNK1 and JNK2 function similarly in controlling

of JNK activity, some recent studies have highlighted their functional differences in various
aspects, including CD8+ T cell activation,63 UV-induced apoptosis,64 and cell proliferation.65

In H2O2-induced caspase-independent nonapoptotic cell death, distinct roles of JNK1 and
JNK2 are also found, based on the observation that only jnk1-/- MEF cells are resistant to
H2O2 cytotoxicity, while jnk2-/- cells are as sensitive as the wild-type MEF.62 Consistently,
only JNK1, but not JNK2, was found to directly interact with RIP upon H2O2 exposure
(Shen et al, unpublished data). A very recent report by Liu et al found similar pattern of action:
JNK1, but not JNK2, is essential for TNFα-induced apoptosis in MEF.66 It remains to be
determined whether the elevated level of ROS that often occurred in TNFα-treated cells con-
tributes to the preferential activation of JNK1 in primary MEF or immortalized fibroblasts
used in this study. The molecular mechanisms underlying such differences between the JNK1
and JNK2 in cell death are still elusive.
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ROS and JNK Activation in TNF-Induced Apoptosis and Necrosis
TNF is a pleiotropic cytokine with critical regulatory roles in diverse cellular functions such

as cell proliferation, differentiation and cell death. TNF elicits its biological effects via cell
surface receptor TNFR1 and TNFR2. Three distinct signaling pathways in response to TNF
have been intensively studied: (i) TNFR1-TRADD-FADD pathway to initiate caspase 8 acti-
vation to induce apoptotic cell death, (ii) TNFR1-TRADD-RIP/TRAF2 pathway to induce
NF-κB activation to block apoptosis and promote cell survival, and (iii) TNFR1-TRADD-RIP/
TRAF2 pathway to activate JNK.67 In addition to the above three pathways, it has been well
studied that ROS also function as important signaling molecules in TNF signaling.22,68,69 In
recent years, a number of important discoveries have further highlighted the critical role of
ROS in TNF signaling, in particular in TNF-mediated NF-κB, JNK and cell death (both
apoptotic and necrotic) pathways.

Differential Effects of ROS on TNF-Induced NF-κB and JNK Activation
Since the initial report by Shreck et al implied the involvement of ROS in TNFα-mediated

NF-κB activation,70 the exact effect of ROS on NF-κB has become a highly debatable issue
and there are many reports either support or against this notion. The growing consensus is that
ROS might not act as important NF-κB activators, at least in the TNF signaling pathways.
Such an opinion was reinforced by a recent study with more conclusive evidence to dissociate
the link between ROS and NF-κB activation.71 In this study, it is demonstrated that
N-acetyl-L-cysteine (NAC) and pyrrolidine dithiocarbamate (PDTC), the two antioxidants
often used to block NF-κB activation, suppress TNF-mediated NF-κB pathway independent
of their antioxidant function. Moreover, endogenous ROS produced through Rac/NADPH
oxidase fail to activate NF-κB signaling, but instead reduce the magnitude of its activation.

On the other hand, there is emerging evidence that NF-κB has significant impact on ROS
production and accumulation in TNF-treated cells. NF-κB acts as a suppressor of intracellular
ROS formation in response to TNFα, based on the observations that elevated level of ROS was
only found in TRAF2-TRAF5 double knockout or p65 knockout MEF cells, but not in wild-type
cells upon TNF exposure.72 Similar results were also found in IKKβ knockout MEF cells
challenged with arsenic.73 The remaining question to be answered is how NF-κB blocks
TNF-stimulated ROS production and accumulation. One possible mechanism is that a num-
ber of key antioxidant enzymes are transcriptionally regulated by NF-κB and the deficiency of
NF-κB will thus weaken the antioxidant defense system, leading to accumulation of ROS in
the cell. Such a hypothesis is supported by data from a genome wide microarray analysis show-
ing that upregulation of antioxidant enzymes via NF-κB pathway is crucial for elimination of
ROS produced in TNFα-treated cells.74 Moreover, a very recent study by Pham et al has iden-
tified a novel mechanism by which NF-κB executes its antioxidant function.75 NF-κB controls
the expression of ferritin heavy chain (FHC), the primary iron storage factor highly capable of
suppressing ROS accumulation through iron sequestration, to prevent sustained JNK activa-
tion and, thereby, apoptosis triggered by TNFα.

In contrast to often contradictory effect of ROS on NF-κB activation, the importance of
ROS in TNF-mediated JNK activation has been consistently demonstrated in various cell
systems.11,76 It is now recognized that there are two phases of JNK activation mediated by two
different activation pathways: the earlier and transient activation of JNK is mediated by TRAF2,77

while the delayed and persistent activation of JNK is mediated by ROS.72,78 Intriguingly, being
opposite to the antioxidant function of NF-κB, JNK activation contributes to TNF-stimulated
ROS production. Upon TNFα stimulation, elevated ROS level was only found in wild-type
mouse fibroblasts in which the NF-κB pathway is abolished by overexpression of ∆N-IκBα,
but not in jnk-/-(∆N-Iκα) cells.78 Although it is not known how JNK promotes ROS
production, it appears that there is a positive feedback loop between JNK activation and ROS
production, and both work together contributing to TNFα-induced cell death.
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ROS as the Key Mediator for the Interplay between NF-κB
and JNK Activation

Two earlier studies reported that the NF-κB and the JNK signaling pathway are function-
ally interlinked.79,80 In normal cells TNFα induces an earlier and transient JNK activation,
while in cells that are deficient in NF-κB activation, JNK activation is enhanced and sustained.
More importantly, these studies also demonstrated that the anti-apoptotic function of NF-κB
is, at least in part, achieved through its ability to suppress the prolonged JNK activation. Two
NF-κB target genes, XIAP79 and GADD45β,80,81 have been identified as the mediators regu-
lating the cross-talks between these two key signaling pathways.

Recently ROS have emerged as another potential mediator for the interplay between NF-κB
and JNK in cells treated with TNF.82,83 Most recently, Kamata et al demonstrated that ROS
promote TNF-induced cell death and sustained JNK activation by inhibiting MAP kinase
phosphatases.91 Therefore, TNF-induced ROS production mediates the sustained JNK activa-
tion and cell death, and, conversely, that TNF-induced NF-κB activation prevents ROS pro-
duction and accumulation. Moreover, the sequential events of NF-κB inhibition, ROS accu-
mulation (oxidative stress) and sustained JNK activation seem to be the key steps in TNF-induced
cell death. ROS and oxidative stress may occupy a unique position in apoptotic cell death
induced by TNFα or other stimuli capable of activating NF-κB and JNK. As most studies
discussed above are resulted from using mouse fibroblasts, it remains to be further investigate
whether the mediating role of ROS between JNK and NF-κB can be extended to other cells
such as human cancer cells. An earlier report revealed that ROS potentiate JNK activation and
apoptosis in oncogenically transformed NIH 3T3 cells, suggesting such a possibility.84 In this
regard, we should also be cautious of using antioxidants in combination with cancer chemo-
therapy as the removal of ROS in fact will lessen the desired cell death in cancer.

Role of ROS-Mediated JNK Activation in TNF-Induced Necrotic Cell Death
Depending on the cell type and the presence or absence of other signaling pathways, JNK

can be pro-apoptotic, anti-apoptotic or no role in TNF-mediated apoptosis.3,85,86 One com-
mon understanding is that sustained JNK activation mediated by ROS enhances TNFα-induced
apoptosis, most probably through the mitochondria-dependent apoptosis pathway. One re-
cent report by Deng et al strengthened the pro-apoptotic function of JNK by showing that
sustained JNK activation induces caspase 8-independent cleavage of Bid, which then induces
preferential release of Smac from mitochondria to promote apoptosis.87

One of the important findings in the study of cell death is that cell death ligands (FasL and
TNFα) are able to induce caspase-independent or necrotic cell death. Such a phenomenon was
first observed in one particular cell line, murine L929 fibrosarcoma cells.88,89 Interestingly,
endogenously generated ROS have been implicated in TNFα-induced necrosis in L929 cells.69

Subsequent studies have provided convincing evidence that TNFα-induced necrosis is also
present in other cells such as fibroblasts.72,78,90 In the search of the molecular mechanism
controlling TNFα-induced necrotic cell death, most studies suggested a role of ROS and oxi-
dative stress. For instance, Lin et al reported that TNFα-induced nonapoptotic cell death was
only evident in wild-type MEF cells with higher level of ROS, but not in rip-/-, traf2-/- MEF
without ROS accumulation after TNFα treatment.90 Being consistent with our findings that
exogenous applied ROS induce necrotic cell death via JNK activation,62 JNK has also been
proposed as a critical mediator in TNFα-induced necrotic cell death. In NF-κB knockout
MEF (p65-/-), treatment with TNFα promotes ROS production that mediates sustained JNK
activation and necrotic cell death.72,91 More recently, it is further demonstrated that JNK can
potentiate TNFα-stimulated necrosis by increasing the production of ROS.78,91 Those find-
ings thus suggest the dual functions of JNK: JNK acts as a critical mediator in ROS-induced
both apoptosis and nonapoptotic cell death.
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Summary and Perspectives
The importance of ROS and JNK activation in cell death has been realized in the recent

years. It is believed that ROS-mediated JNK activation is a critical component deciding the
fate of cells in response to various stress stimuli, including TNFα. Such an understanding
regarding ROS and JNK activation may have broad practical implications in biology and treat-
ment of diseases. One possibility is to specifically enhance ROS-dependent potentiation of
JNK and thus sensitize cancer cells to cancer chemotherapeutics. On the other hand, concerns
have been raised regarding potential side effects due to oxidative stress following NF-κB inhi-
bition, a common strategy in treatment of inflammatory diseases.82,83 Further more, cautions
should be given for using antioxidants in the course of cancer chemotherapy as the removal of
ROS will in fact compromise the effectiveness of the chemotherapeutics. At present, many
intriguing questions about the function of ROS and JNK activation remain to be further ex-
plored. For instance, what is the underlying mechanism for the promoting effect of ROS and
prolonged JNK activation in cell death? Do ROS and sustained JNK activation work through
similar machinery in apoptotic and necrotic cell death? What is the down stream target(s) of
the prolonged JNK activation in cell death? All these should be the focus of future studies in
this rather exciting field.
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CHAPTER 8

JNK as a Therapeutic Target
Brydon L. Bennett* and Yoshitaka Satoh

Abstract

Promising drug targets have activities that are highly correlated with disease and where
interference of activity results in desired changes in functional markers of disease. In
creased JNK activity has been measured in biopsy samples from a range of human dis-

eases. Inhibition of JNK activity using knockout technology, dominant negative decoys, and
small molecule or peptide inhibitors has confirmed the importance of JNK in promoting a
pathological phenotype in many animal models of disease. The first JNK inhibitors are now
entering clinical trials to determine safety and efficacy limits in humans.

Therapeutic Potential
JNK is a stress-activated protein kinase.1-3 When we consider that cellular and molecular

stress includes a myriad of physical, chemical and biological insults it is understandable how
frequently activated JNK has been found to be associated with pathology. Examples of molecu-
lar stressors include radiation, acidosis, hypoxia, burn, osmotic shock, cytokine and chemokine
stimulation, growth factors, antigen/allergen challenge, and infection. Some important mo-
lecular mechanisms whereby JNK transduces the stress signal through the cell have been eluci-
dated. These include the classical pathway of c-Jun phosphorylation, AP-1 transcription factor
activation and the subsequent transcription of a large set of response genes including c-Jun
itself. Recall that c-Jun was initially characterized as a proto-oncogene suggesting a role in
cellular transformation and proliferation. The expression of AP-1 regulated genes may be mag-
nified by the action of JNK on AU-rich elements of the untranslated mRNA to stabilize mRNA
and increase protein translation.4 Other JNK substrates have been identified including regula-
tory proteins such as IRS-1 that control insulin signaling and by which JNK phosphorylation
may fundamentally promote insulin resistance.5 The pro- and anti-apoptotic Bcl family of
proteins have also been proposed as JNK substrates.6,7 If so, this would provide a molecular
link to the observed requirement for JNK in promoting mitochondrial cytochrome c release
and apoptosis.

By integrating our mechanistic observations with the biology of disease it is apparent that
JNK inhibitors have broad clinical potential as therapeutics ranging from organ failure due to
ischemia-reperfusion injury (stroke, myocardial infarction, traumatic injury, surgery),
neurodegenerative diseases (Alzheimer’s, Parkinson’s, cognitive dysfunction), autoimmune and
inflammatory diseases (arthritis, asthma, psoriasis, graft rejection), metabolic disease (obesity
and type 2 diabetes), and proliferative disorders (fibrosis, cancer). It will take time to chart all
these areas but the clinical burden exemplified by these diseases is obvious.

JNK inhibitors represent an innovative therapeutic approach for the treatment of a range of
clinical indications. But it is only fair that we also speculate on potential side-effects of JNK
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targeted therapy. Perhaps the most obvious is the potential for myelosuppression and immuno-
suppression. The former because JNK is believed to play a role in hematopoiesis8 and the latter
because of the necessity of JNK for maturation and differentiation of CD4+ and CD8+ T-cells.9

Note that this potential toxicity may also be a therapeutic benefit in certain situations. As
detailed in another chapter of this book, it has been shown that the JNK homolog in Droso-
phila, basket, is essential for dorsal closure of the larval embryo. This is noteworthy because this
process in invertebrates is believed to be analogous to wound healing in vertebrates.10,11 There-
fore it can be postulated that high levels of systemic JNK inhibitor may delay or disrupt organ
repair particularly when involving epithelial cells. A third potential mechanistic side-effect of
JNK inhibitors is susceptibility to viral infection. This hypothesis is built on the observation
that many viruses express Bcl related proteins as a direct means of preventing apoptosis of the
host cell, thereby allowing viral replication.12 If JNK is involved in promoting apoptosis of
virally infected cells, it is possible that inhibition of JNK will work in favor of the infectious
virus.

Much of our enthusiasm for a role of JNK in disease has been accrued from studies using
knockout animals. Before we move into a brief description of JNK drug discovery it is worth
commenting that the pharmacodynamics of a JNK inhibitor are unlikely to result in a pheno-
type identical to that reported for JNK knock-out animals. First, most JNK inhibitors inhibit
all 3 JNK isoforms, but we do not yet have a genetic equivalent because Jnk1-/- Jnk2-/- double
knock-out animals are embryonic lethal. Second, most knockouts ablate expression of the en-
tire protein rather than negating only its catalytic activity as expected of small molecule inhibi-
tors. Therefore, noncatalytic functions of JNK may be preserved despite the binding of a small
molecule inhibitor. Finally, the kinetics of small molecule binding and the pharmacodynamics
that determine tissue active concentrations should make JNK inhibition both dynamic and
manipulatable. For example, 80% inhibition of activated JNK for 16 hours per day may have
therapeutic benefit without compromising basal or housekeeping JNK functions. For these
reasons, only clinical trials with candidate molecules will accurately resolve these questions.

JNK Drug Discovery
Biologically interactive proteins that contribute to pathological outcomes are attractive drug

targets. Enzymes represent an exploitable subset of targets because they possess allosteric and or
catalytic active sites that can be effectively engaged with a small molecule (MW < 700 Daltons).
Protein kinases are validated drug targets as proven by the commercialization of drugs such as
Eril (fasudil), Gleevec (imatinib), Iressa (gefitinib) and Tarceva (erlotinib).13 A distinct advan-
tage in optimizing inhibitors of protein kinases is that these enzymes can usually be expressed
as active recombinant proteins, which is essential for establishing biochemical screens and gen-
erating crystal structures. These two techniques are the platform for what is termed ‘rational’
drug discovery – the current industry paradigm for identifying and optimizing small molecule
inhibitors to be used as therapeutics. The design and validation of biochemical assays for JNK
has been described in detail.14 In essence, active recombinant JNK is mixed with c-Jun and
ATP in the presence or absence of known concentrations of test compound. JNK activity, or
inhibition thereof, is monitored by the amount of phosphorylated c-Jun formed. Although
early screens used incorporation of radiolabeled phosphate (32P or 33P), most detection systems
now use fluorescent conjugated antibodies specific for phosphorylated epitopes on c-Jun. In
theory, this assay design can identify inhibitors of any docking site that might suppress catalytic
activity. In reality, as illustrated in section 3, all small molecule inhibitors of JNK disclosed too
date appear to bind in the active site. This is in part a result of the simplified biochemical assay
described above, devoid of associated proteins (e.g., scaffolds) that might modulate activity in
vivo and be sensitive to inhibitors in vitro. It is also due to a fundamental desire to understand
mechanism, that biases our efforts toward the safe harbor of ATP competitive kinetics and the
architecture of the kinase active site as revealed by crystallography. Allosteric sites on JNK that
can be targeted with small molecules have not been described, however it is noteworthy that
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non ATP competitive inhibitors are in development for the related kinases p38 MAPK, IKKβ
and MEK.15,16 Such alternative binding modes may have distinct advantages over classical
ATP-competitive inhibitors. Firstly, as reversible binders, ATP competitive molecules are di-
rectly affected by the high concentration of ATP in the cell (estimated to range from 0.2-5
mM) requiring low nanomolar Ki values to give pharmacologically acceptable (typically < 1
µM) IC50 values in vivo. Secondly, since all protein kinases fundamentally perform the same
catalytic reaction, the active sites are structurally conserved across the kinase family with highly
related kinases often differing in only a handful of amino acids. Furthermore, architectural
similarity in the active site may be built around different amino acids leading to unexpectedly
potent compound interactions with kinases that appear distantly related according to sequence
homology.17 This increases the challenge for identifying inhibitors with the desired selectivity
profile and has highlighted the utility of crystal structures to identify individual molecular
features that can be targeted specifically by the chemist. The crystal structure of JNK3 was first
described by Vertex18 and the details of SP600125 and JIP binding to JNK3 and JNK1 have
also been published19,20 (please also see Fig. 1). Crystal structures for JNK2 have not been
disclosed but are believed to exist. Investigation of the active sites of the JNK isoforms reveals
almost complete identity between JNK2 and JNK3 but there are a few notable amino acid
differences in JNK1, including V53I, V85I, D87E, S125G and L144I (numbered according to
JNK3). To date the majority of JNK inhibitors have been pan-inhibitors of all 3 isoforms,
however at the American Chemical Society meeting in Anaheim, CA in April 2004, Amgen
presented a benzoxazepinone compound with IC50 values of 11, 0.11, and 0.047 µM for JNK1,
2 and 3 respectively. Taken together the data suggest that some degree of isoform selectivity
may be obtainable between JNK1 and JNK2/3 when targeting the active site. This could be
therapeutically advantageous with respect to specificity and safety since knockout studies have
revealed isoform specific roles in disease models as described in a previos chapter.

A number of cell assays useful for measuring JNK activity have been described.14,21 The
JNK directed phosphorylation sites on c-Jun, namely serines’ -63 and -73 appear to be highly
specific for JNK which means that quantitation of ser-63/73 phosphorylation is an accurate
biomarker for assessing JNK inhibitor potency in cells. Unfortunately, we have found that the
commercially available phosphospecific antibodies have only modest binding affinity and fre-
quently exhibit nonspecific binding. Therefore while these reagents are useful in the context of
western blots where c-Jun can be identified by molecular weight they are more troublesome in
intact cell/tissue formats especially where high-throughput analysis is desired. A number of
additional substrates for JNK have been identified including ATF2, Bcl family proteins, IRS-1
and ShcA but specificity for JNK has not been demonstrated. Functional markers of JNK
activity include a host of c-Jun/AP-1 regulated genes22 but here again it is apparent that these
genes are regulated by multiple transcription factors and signaling pathways and an exclusively
JNK regulated gene may not exist. Instead, analysis of the selectivity profile of the inhibitor
coupled to an understanding of the regulation of specific genes relevant to the therapeutic area
may be necessary to select the appropriate functional marker.

Using the technology and assays just described, a rapidly growing number of JNK inhibi-
tors are being identified. As we shall see in the following section, small molecule inhibitors have
provided us with pharmacologic evidence on the importance of JNK in animal models of
disease and are starting to be evaluated in the clinic.

Small Molecule Inhibitors
Based on published disclosures, the development of JNK inhibitors appears to be focused

on the optimization of small molecules that act within the kinase active site, although as we
shall see later, other strategies may also be viable. A description of some early JNK inhibitors
has been presented.23 The first widely used JNK inhibitor was SP600125
(anthra[1,9-cd]pyrazol-6(2H)-one) from Signal Pharmaceuticals/Celgene, an ATP competi-
tive inhibitor of JNK1, 2 and 3 with a Ki of 100-200 nM.24 The advantages of this compound
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Figure 1. Structure of JNK3 with SP600125 bound in the active site (19). A) Ribbon diagram showing
structure of JNK3 kinase with SP600125 (yellow). β-sheet motifs are in blue and α-helices are in red. The
N-lobe, C-lobe, and hinge region of the kinase are indicated. SP600125, shown in yellow, binds at the
ATP-binding site of JNK3. B) Close-up view showing SP600125 binding interactions in ATP-binding site.
Labeled residues Met149 and Glu147 are in the hinge region and are points of hydrogen bond interaction
with nitrogen atoms (purple) of SP600125. Met146 is the ‘gatekeeper’ residue, and Lys93 is the conserved
catalytic lysine. SP600125 is a small planar molecule. Optimized inhibitors may be expected to fill addi-
tional space and form additional interactions with active site residues.
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were its specificity of action and its selectivity against the related MAP kinases ERK and p38.
Consequently SP600125 has been used as a pharmacologic tool in over 300 journal articles.
Consistent with knock-out and biochemical studies, SP600125 has been shown to inhibit
endotoxin induced TNFα expression,24 suppress bone degeneration in models of arthritis,25,26

inhibit acute T-cell inflammation and liver injury,27 decrease allergen induced airway inflam-
mation and remodeling28 enhance survival of dopaminergic neurons in the MPTP model,29

and protect from ischemia-reperfusion injury.30 However, SP600125 does inhibit multiple
other protein kinases,31 may have additional cell activity,32 and lacks the physical chemical
properties required of a clinical compound.

At the American Chemical Society meeting in 2003, Serono described a novel
benzothiazol-2-yl acetonitrile derivative JNK inhibitor, AS601245, whose characterization was
later published in full.33 This molecule was a pan inhibitor of JNK isoforms, with potency
equivalent to SP600125 but with an improved kinase selectivity profile. Consistent with a role
for JNK in stress-induced apoptosis, AS601245 exhibited significant protection in a gerbil
model of cerebral ischemia and a rat model of myocardial infarction with concomitant inhibi-
tion of c-Jun phosphorylation in vivo.33,34 Although once in late stage preclinical develop-
ment, AS601245 is now used as a proof of concept reagent and benchmark for second genera-
tion compounds. At the 2nd Anglo-Swedish Medicinal Chemistry Symposium (March 2005)
Serono announced that AS602801, a second generation JNK inhibitor for autoimmune and
inflammatory conditions, had moved into Phase 1 clinical trials.

The first small molecule inhibitor of JNK to enter clinical trials was CC-401 (Celgene). A
corporate press release dated February 5, 2003 stated CC-401, “successfully completed a Phase
I, double-blind, placebo controlled, ascending single intravenous dose study in healthy human
volunteers”, a statement which while lacking in detail does provide some preliminary evidence
that acute toxicity may not be an issue with JNK inhibitors. Neither a chemical structure or a
detailed characterization of this compound has been publicly disclosed although its hepatocyte
protecting activity in a model of rat liver transplant has been described.35 In these studies
CC-401 was found to be most efficacious when present in the liver prior to reperfusion that
follows surgical implantation. This is consistent with the dogma that it is the reperfusion event
that leads to rapid induction of JNK activity in hepatocytes.36 It was also observed that CC-401
inhibited cytoplasmic cytochrome c providing confirmatory evidence that JNK does play a
role in the mitochondria dependent apoptosis pathway, at least in settings of oxidative injury to
the cell. It is interesting to note that the initial efficacy data for AS601245 and CC-401 have
independently focused on the area of cellular apoptosis caused by ischemic or
ischemia-reperfusion injury suggesting this may be a promising clinical development route for
JNK inhibitors.

The identification and development of JNK inhibitors as therapeutics is a competitive arena
and numerous chemical classes of JNK inhibitors have been disclosed in patent applications,
mostly from pharmaceutical companies. As much of this work is proprietary it is possible that
one or more JNK inhibitors representative of these classes are also in clinical trials. Table 1 gives
examples of the various chemical classes that have been claimed. Unfortunately, in the absence
of any disclosed information for these compounds, the biologic data for most of these mol-
ecules remains confidential.

In this section we have described small molecules that directly inhibit JNK. However there
are insightful examples of compounds that affect the JNK pathway by targeting upstream
kinases, or ligands of the JNK signaling cascade. CEP-1347 (Cephalon) is an indolocarbazole
analog of the prototype kinase inhibitor, K252a.37 Although originally optimized based on its
ability to promote survival of neurons in vitro, it was recognized early on that suppression of
JNK activity was likely contributing to the observed cell response.38 It was later discovered that
CEP-1347 was in fact a potent inhibitor of the mixed-lineage kinase family (MLK), which are
the MAP3K kinases of the JNK signaling pathway (upstream activators of MKK4/7).39,40 In
line with its therapeutic focus, Cephalon has tested CEP-1347 predominantly in
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neurodegenerative conditions. These data include efficacious responses in mouse and monkey
MPTP (dopaminergic neuron toxin) models of Parkinson’s disease38,41 and auditory hair loss
in guinea pig cochleas after exposure to intense noise.42 CEP-1347 is currently in a Phase 2/3,
double blind, placebo controlled trial with an enrollment of 800 Parkinson’s disease patients.

Steroids remain the gold standard therapy for many diseases because of their broad effect on
multiple pro-inflammatory mediators. The overlap in steroid and JNK biology in cell assays

Table 1. Compilation of JNK inhibitor structures

Table continued on next page



89JNK as a Therapeutic Target

has previously been noted.43,44 Furthermore it is interesting that asthmatics refractory to corti-
costeroid therapy were observed to have elevated AP-1 and JNK activity in peripheral leuko-
cytes.45 Multiple mechanisms of action have been proposed for the glucocorticoid receptor
(GR) including association and competition with c-Jun/AP-1 at gene promoters. More re-
cently, it has been reported that ligated monomeric GR can bind directly to JNK and that this

Table 1. Continued

Table continued on next page
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interaction prevents association of JNK to its upstream activators MKK4/7.46 Is it possible that
this mechanism of action is also shared with the estrogen receptor? 47 This finding suggests that
an allosteric site, potentially at the interface of JNK/MKK binding, is therapeutically relevant.
Whether this site can be targeted using a small molecule remains to be seen. Furthermore, if
the inhibition of JNK signaling by glucocorticoid is physiologically relevant it confirms that

Table 1. Continued
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JNK is an important therapeutic target for multiple inflammatory diseases and may even hold
as yet unknown advantages over steroid therapy.

Peptide Inhibitors
Small molecule drugs have many pharmacologic and commercial advantages over biotech-

nology derived alternatives. That the majority of drugs are small molecule inhibitors is mostly
due to our historical working knowledge of chemistry compared to biotechnology (vaccines
excluded). However, macromolecules such as antibodies, antisense, siRNA or decoy oligonucle-
otides, and viral-delivered proteins may be as efficacious as the best synthetic compounds.
Therefore the potential of such alternative therapeutics should be considered, as technology
breakthroughs will certainly improve their clinical and commercial viability. One proof of
concept therapeutic reagent specific to JNK is the peptide that encodes a portion of JIP, the
JNK interacting protein.48 Although first described as an inhibitor of JNK based on
over-expression studies, JIP (also called IB1) was quickly reclassified as the first of several JNK
scaffold proteins.49,50 Different JNK scaffold proteins probably allow the assembly and specific
geographical positioning of unique MLK-MEKK/MKK/JNK enzyme complexes in the cell.
Presumably these complexes are also activated by discrete stimuli. The original observation of
JIP as an inhibitor of JNK signaling suggested that excess JIP could act as a decoy to sequester
JNK and prevent formation of an effective signaling cascade. However, proteins make for poor
intracellular therapeutics since they are unable to cross the cell membrane. Bonny and col-
leagues showed that an 18-20 amino acid peptide within the JIP/JNK interface was as effective
a dominant negative as the full-length protein. Addition of an HIV-TAT fusion sequence fa-
cilitated membrane translocation in multiple cell types.51,52 The utility of this peptide was
further enhanced by synthesizing the ‘retroinverso’ version of the peptide, that is, the reverse
sequence as D-amino acids. Structurally this approach does not at first appear sensible as the L-
and D- versions are distinct molecules. Activity and specificity appear to be partly explained by
the observation that it is not the peptide backbone that interacts with JNK, but spatial orienta-
tion of critical proline, arginine, and leucine sidechains that are conserved in the retroinverso
version.20,53 This version of the peptide is proteolytically stable and has permitted dosing in
animal models of disease including cerebral ischemia where the peptide has exhibited striking
neuroprotective effects.54 Whether this peptide or a peptide mimetic has a clinical and com-
mercial future remains to be seen but it creatively illustrates alternative strategies that could be
employed to design novel inhibitors of JNK signaling.55

Summary
It has been 15 years since the identification of JNK, and in that time many assumed func-

tions have been confirmed and many novel roles have been discovered. However, the impor-
tance of JNK as a critical driver of disease and its potential as a drug target has only been
enhanced by these observations. Robust and high-throughput assays are available and we have
the atomic structure of the kinase resolved at high resolution. We have achieved selectivity
between JNK and closely related MAPK family members and are teasing out the possibility of
JNK isoform selectivity to further refine the pharmacology of inhibitors. At least 2 optimized
compounds that specifically target JNK are in clinical trials and others that inhibit JNK path-
way activity are also under evaluation. The investment within the pharmaceutical industry
towards JNK is significant and we will soon learn whether the potential of this innovative
target can be effectively realized.
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