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1. Introduction

Mammalian cells respond to extracellular stimuli
by activating signaling cascades that are mediated by
members of the MAP kinase family. MAP kinases act
by phosphorylating various substrates including tran-
scription factors. These in turn regulate expression of
specific sets of genes and thus can mediate a specific
genetic response to the stimulus. The basic organiza-
tion of signaling pathways leading to MAP kinase
activation is highly conserved from yeast to mam-
malian cells. Several subgroups of MAP kinases were
identified in mammalian cells, which differ in their
substrate specificities and regulation. Members of the
JINK subgroup of MAP kinases are activated in re-
sponse to diverse extracellular stimuli, including UV
irradiation, proinflammatory cytokines and certain
mitogens. The JNKs phosphorylate specific sites on
the amino termina trans-activation domain of tran-
scription factor c-Jun, an important component of
transcriptional  activator AP-1. Phosphorylation of
these sites stimulates the ability of c-Jun to activate
transcription of specific target genes. In addition to
c-Jun, the INKs phosphorylate and activate several
other transcription factors, most of which can con-
tribute to AP-1 activity. This review provides an
overview of MAP kinase activation, with particular
emphasis on the signal transduction pathways leading
to activation of the JINK subgroup of MAP kinases.
We aso discuss the regulation of AP-1 activity by
JINK and other MAP Kinases, as well as the possible
functions of INK activation.

In order to survive and develop normally, eukary-
otic cells must be able to respond to a diverse array
of extracellular stimuli and adapt to adverse condi-
tions. In many cases cells respond to extracellular
stimuli and environmental stresses by adjusting their
responses to other stimuli, and by adjusting their gene
expression programs. Exposure to certain extracellu-
lar stimuli can trigger cell growth and division, while
exposure to other stimuli can induce cell differentia-
tion or even programmed cell death. Exposure to
environmental stresses results in activation of various
stress responses which help the cells withstand ad-
verse environmental conditions. An intriguing ques-
tion is how external stimuli that signal through cell
surface receptors, dicit changesin cell phenotype and
morphology. One common way for executing such

responses is by turning on cascades of biochemical
events in response to receptor activation which trans-
mit information from the cell surface to the transcrip-
tional machinery in the nucleus. By modulating the
activities of sequence specific transcription factors
and combinations thereof, extracellular stimuli acti-
vate or repress the expression of specific sets of
genes. The products of such genes are the ultimate
mediators of the phenotypic responses. It is important
to elucidate the components of these signal transduc-
tion pathways and the mechanisms that govern the
transmission of information. In addition to under-
standing how normal cells respond to extracellular
stimuli, such information will help in deciphering
what goes wrong in a variety of clinical disorders. In
diseases such as cancer or diabetes, for example, cells
fail to respond properly to extracellular stimuli, re-
sulting in loss of normal growth control or improper
regulation of energy metabolism.

Among the major types of signal transduction
pathways in eukaryotic cells are protein kinase cas-
cades which culminate in activation of a family of
protein kinases known as mitogen activated protein
kinases, or MAP kinases [1-4]. Although they vary
in their substrate specificities and responses to extra-
cellular stimuli, MAP kinases are highly conserved in
their primary structure and mode of activation (see
Fig. 1). All eukaryotes that have been examined
contain several types of MAP kinases which function
in the transmission of signals from cell surface recep-
tors to transcription factors and other cellular targets.
All MAP kinases are serine/threonine kinases that
are activated in response to their phosphorylation on
invariant threonine and tyrosine residues, within a
TXY motif, by dual specificity MAP kinase kinases
(MAPKKs). The MAPKKs aso form a highly con-
served group that are activated through phosphoryla-
tion of conserved serine and threonine residues by a
somewhat more diverse group of MAP kinase kinase
kinases (MAPKKKSs). The latter group receives sig-
nals from cell surface receptors through a variety of
intermediates, including other protein kinases and
smal GTP binding proteins. In the different MAP
kinase pathways the MAPK, MAPKK, and MAP-
KKKs are usualy highly conserved in their catalytic
domains, but can differ considerably in their regula-
tory domains and their substrate specificities.

The first mammalian MAP kinase cascade to be
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Fig. 1. MAP Kinases are generally activated by a conserved type
of signaling pathway. MAP Kinases are activated by phosphory-
lation on threonine and tyrosine residues by dual specificity MAP
Kinase Kinases. MAP Kinase Kinases comprise a conserved
group that are activated by phosphorylation on conserved serine
and/or threonine residues, by MAP Kinase Kinase Kinases. This
latter group of kinases are regulated by other protein kinases and
GTP binding proteins in response to a stimulus.

characterized in detail was the pathway leading to
activation of the Extracellular Signal Regulated Ki-
nase (ERK) subgroup of MAP kinases [5]. Recently,
agreat deal of effort has gone into characterization of
the signaling pathways that lead to activation of
another mammalian MAP kinase cascade, the one
which impinges on the Jun Kinases (JNKs) aso
known as stress-activated protein kinases (SAPKs)
[6-8]. The INKs were first identified by their ability
to phosphorylate specific sites on the amino terminal
transactivation domain of the transcription factor c-
Jun following exposure to UV irradiation, growth
factors, cytokines, or expression of transforming
oncogenes [6,7]. By phosphorylating these sites, the
JINKs stimulate the ability of c-Jun to activate tran-
scription of target genes. More recently, a third sub-

group of mammalian MAP kinases, collectively
known as p38 or Mpk2, was identified [9,10]. The
regulation of p38 activity is similar to that of JNK
activity [10]. However, the p38 subgroup does not
phosphorylate the activation domain of c-Jun and
thus differs from JNK in their substrate specificity
and possibly function. Finally, other mammalian MAP
Kinases that have recently been identified include
ERK3 [11], ERK5 [12], and severa p38 related ki-
nases [13-16]. The regulation and functions of these
latter MAP Kinases have not yet been elucidated.

2. Signal transduction pathways leading to activa-
tion of MAP kinases in yeast

Prior to the identification of MAP kinases in mam-
malian cells, mating pheromone responsive MAP ki-
nases were identified and studied in yeast [17]. This
provided an important genetic basis for understanding
how MAP kinases are regulated in other organisms
including mammals. In the budding yeast Saccha
romyces cerevisiae, several signaling cascades lead to
activation of different MAP kinases which mediate
distinct biological responses ([18] and Fig. 2). These
include the MAP kinase cascade that is triggered
when haploid yeast respond to mating pheromones
[19], a MAP kinase cascade that is necessary for
maintenance of cell wall integrity [20], and a MAP
kinase cascade that is triggered by osmotic stress
[21]. All of these cascades are distinct and are medi-
ated by different MAP kinases. As these cascades
lead to distinct biological responses, the MAP kinases
found at their output must phosphorylate different
substrates. These include different transcription fac-
tors that control distinct sets of target genes. Despite
the differences in their responses to upstream stimuli,
al of these MAP kinase cascades are organized in a
similar fashion, consisting of MAPKKK-MAPKK-
MAPK, where MAPKKK is activated by other ki-
nases and GTP binding proteins. Recently, the
pheromone responsive MAP kinase cascade was
found to be organized by a scaffolding protein, STE5,
which is necessary for its proper function [22]. By
having separate binding sites for the MAPK, MAPKK
and MAPKKK, STE5 organizes the components of
the pathway into a functional module allowing their
efficient activation [22], and insulates them from
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Fig. 2. At least five different MAP Kinase pathways have been
studied in yeast. Three of them are outlined here. While they al
mediate different types of responses, the different MAP Kinases
are regulated by a similar mechanism.

components of other modules [22]. STE5 was aso
shown to physicaly interact with the different GTP
binding proteins that affect this cascade [23], as well
as an upstream protein kinase STE20 [24,25]. Al-
though the organization of the different components
into a tightly linked module grestly enhances the
specificity of the cascade, such an organization is a
hindrance to signal amplification.

3. Signal transduction pathways leading to activa-
tion of the ERK MAP kinase pathways in mam-
malian cells

Studies of mammalian MAP kinase cascades have
revealed a striking evolutionary conservation from
yeast to mammals. The signaling pathway leading to
ERK activation, illustrated in Fig. 3, was the first
MAP kinase pathway to be studied in mammalian
cells. The ERK subgroup of MAP kinases is activated
most potently by mitogenic stimuli such as growth
factors. Most commonly, the pathway leading to

ERK activation begins when growth factors bind to
cell surface receptors with intrinsic tyrosine kinase
activity [26]. Ligand induced receptor clustering re-
sults in autophosphorylation of the receptor cytoplas-
mic domain on tyrosine residues. This is followed by
the recruitment of SH2 domain containing adaptor
proteins such as GRB2 or SHC to the activated
receptor. This results in the recruitment of additional
proteins to the activated receptor complex [27]. The
recruitment of the exchange factor Sos, places it in
the membrane next to its substrate, the small GTP
binding protein Ha-Ras [28]. Sos activates Ha-Ras by
catalyzing GDP:GTP exchange [29,30]. Once Ha-Ras
is activated it binds and recruits the serine/threonine
kinase Raf-1 to the membrane [31]. While membrane
translocation of Raf-1 is essential for its activation, it
is not sufficient. A second step, leading to Raf-1
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Fig. 3. ERKs are activated by a variety of stimuli including the
phorbol ester TPA, and growth factors such as EGF, NGF, and
PDGF. INK is aso activated by growth factors, as well as by
other stimuli including TNFe, IL-1, osmotic stress, UV irradia-
tion, and various stimuli that activate heterotrimeric G protein
coupled receptors. p38, which was identified as a kinase that is
activated by lipopolysaccharide (LPS), is activated by many of
the stimuli that activate JNK. JNK is activated by both Ha-Ras
dependent pathways in response to growth factors such as EGF,
and by HaRas independent pathways in response to the cy-
tokines TNFa and IL-1. While some stimuli operate through Rac
or Cdc42Hs, other may operate by Rac/Cdc42Hs independent
mechanisms. Finally, a number of other signaling enzyme have
been identified, which can activate the ERK, JNK, and p38
pathways. Some of these signaling enzymes are described in the
text, but are not illustrated here.
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phosphorylation, is also required [32]. Raf-1 func-
tions as the MAPKKK in the ERK cascade, although
by sequence it is not a classica MAPKKK. Once
Raf-1 is activated it phosphorylates and activates the
MAPKKs, MEK1 and MEK?2 [33,34]. While Raf is
the most well characterized MAPKKK in the ERK
pathway, other MAPKKKSs such as the Mos proto-
oncogene, can also activate the MEKs. The mode of
regulation of Mos however, is not yet clearly defined
[35—-37]. Once activated, either MEK1 or MEK?2 can
directly activate the ERKs (consisting of ERK1 and
ERK?2) by phosphorylating their conserved threonine
and tyrosine activation sites [38]. Once the ERKs are
activated a fraction of the enzyme translocates to the
nucleus where they phosphorylate and thereby regu-
late transcription factors which mediate changes in
gene expression [39]. The mechanism responsible for
nuclear trandocation of activated ERK is still un-
known. It is possible, however, that nuclear entry
occurs by passive diffusion and that physical associa-
tion with upstream components of their activation
cascades excludes the inactive form of MAP kinase
from the nucleus and other subcellular locals. Tran-
scription factors whose activities are regulated by
ERK mediated phosphorylation include various mem-
bers of the TCF family, such as Elk1l [39-42]and
SAP1 [43]. Other targets include Etsl and Ets2
[44,45], and CREB, whose phosphorylation is acti-
vated by the ERK activated protein kinase RSK2
[46].

4. Signaling pathways leading to activation of the
JNK MAP kinases:

4.1. Activation of the JNK pathway by extracellular
stimuli

The signaling pathway leading to JNK activation
(see Fig. 3) was the first mammalian MAP kinase
pathway to be investigated as thoroughly as the ERK
pathway. In fact it was the first demonstration that
different types of MAP kinase cascades operate in
mammalian cells. Although it contains the conserved
features of classicdl MAP kinase cascades, the INK
pathway is distinct from the pathway that activates
the ERKs. The JNK family of MAP Kinases are

activated by a variety of different types of celular
stresses as well as extracellular stimuli. Like the
ERKSs, JNK can be activated by growth factors such
as Epidermal Growth Factor (EGF) and Nerve Growth
Factor (NGF). In addition, JNK is strongly activated
by cytokines such as Tumor Necrosis Factor a(TNFa)
and Interleukin-1 (1L-1) [47—49]. As described above,
signaling by growth factors starts with ligand induced
receptor auto-phosphorylation on tyrosine. Unlike
growth factor receptors, cytokine receptors do not
have tyrosine kinase activity. In the case of TNFe,
activation of downstream signaling events is medi-
ated by a family of TNFa receptor interacting pro-
teins that are recruited following ligand induced re-
ceptor trimerization [50]. Binding of two proteins,
TRAF2 and RIP to the TNF receptor 1 (TNFR1) for
example, are thought to trigger the events that lead to
the JNK activation cascade [51,52].

4.2. Small GTP binding proteins in the JNK pathway

Once cells surface receptors are activated, the
signaling pathway leading to JNK activation is initi-
ated. This signaling pathway differs from the one
leading to ERK activation. Unlike the ERKS, the
JINKs are activated by two Ha-Ras related GTP bind-
ing proteins of the Rho family, namely Rac (both
Rac-1 and Rac-2) and Cdc42Hs [53-56]. These small
GTP binding proteins were until recently known
mostly for their roles in controlling the organization
of the actin cytoskeleton [57—-59]. Rac mediates actin
polymerization into lamellipodia or membrane ruffles
in response to growth factors and Ha-Ras activation
[57], while over-expression of activated Cdc42Hs
induces filopodia formation [58,59]. The finding that
these GTP binding proteins also activate the JNK
pathway indicated that they are aso involved in
transmitting signals from membrane receptors to the
nucleus and regulating gene expression. While Rac
and Cdc42Hs both activate the INK MAP kinase
cascade, so far they have not been shown to be
involved in activation of the ERK pathway [53-56].
A dominant inhibitory mutant of Rac blocks JNK
activation by Ha-Ras, as well as by growth factors
such as EGF, and by nonreceptor tyrosine kinases
such as v-Src[53,54]. While over-expression of domi-
nant inhibitory Rac can block IJNK activation by
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cytokines such as TNFa and IL-1 [54], lower doses
preferentially block INK activation by growth factors
but not TNFa ([53] and Liu and Karin, unpublished
data). Similarly, a dominant inhibitory Ha-Ras mu-
tant blocks growth factor activation of JINK but does
not effectively block TNFa or IL-1 activation of INK
[60,61]. These results suggest that while growth fac-
tor and v-Src activation of JNK are mediated by
Ha-Ras and Rac, TNFa and IL-1 activation of JNK
may be primarily independent of Ha-Ras and Rac. It
is not yet clear how Cdc42Hs fits into the pathway.
Cdc42Hs may activate Rac, leading to Rac dependent
signaling events [58,59]. Some workers suggested
that Cdc42Hs may respond to Ha-Ras-independent
stimuli [58]. One possibility is that Cdc42Hs responds
to stimuli such as TNFe, that lead to INK activation.
However, TNFa does not induce fillopodia and
lamelipodia formation, the hallmarks of Cdc42Hs and
Rac activation (Z.G. Liu, J. Feramisco and M. Karin,
unpublished results).

4.3. MAPKKKs and MAPKKs in the JNK pathway

The MAPKKKSs in the JINK pathway differ from
those in the ERK pathway. While Raf is critical for
ERK activation in response to Ha-Ras [33,34], Raf
does not have any direct role in the JNK activation
pathway [60]. Instead, another MAPKKK, MEKK-1,
leads to JNK activation [60,62]. The mechanism that
controls MEKK1 activity in response to Ras activa
tion or other inputs such as EGF or TNFa is not
known, nor is it clear whether such inputs actually
stimulate MEKK1 catalytic activity. Unlike Raf,
MEKK1 isolated from non-stimulated cells is consti-
tutively active ([63] and Y. Xiaand M. Karin, unpub-
lished results). Furthermore, expression of wild type
MEKKZ1 is sufficient for JINK activation ([63] and B.
Su, Y. Xiaand M. Karin, unpublished). This suggests
that MEKK by itself may be constitutively active.
This raises the possibility that extracellular stimuli
such as growth factors and cytokines could trigger
events that lead to the sequestration of an MEKK
inhibitor in the cell, rather than stimulating its activ-
ity directly. Although MEKK1 was identified as a
protein kinase that phosphorylates MEK [64], MEKK 1
is an inefficient activator of the ERK pathway [60].
MEKK1 and the related MEKK2 and MEKK3 [65]

are similar in sequence to the yeast MAPKKK, STE11
[64] (see Fig. 2). Like STE11, MEKK1 functions as a
MAPKKK in the JNK pathway [60]. MEKK2 and 3
can aso activate the JNK cascade [65] athough
MEKK3 preferentially activates the ERK cascade
[65]. In addition to the MEKKSs, another
serine/threonine kinase, Tpl2, shares sequence iden-
tity with STE11, and can activate both the INK and
the ERK pathways [66].

The effects of MEKK or Tpl2 on JNK activity are
mediated by the JNK activating kinase INKK1, aso
known as SEK1 or MKK4 [67-69]. INKK1 was
shown to be activated by MEKK1 through phospho-
rylation at serine and threonine residues [67]. Once
activated, JNKK1 directly phosphorylates JNK on
threonine and tyrosine, the conserved MAP kinase
activation sites [62,67]. INKK thus functions as the
MAPKK in the JNK pathway. Interestingly, like
MEKK, JNKK is a homologue of a yeast signaling
enzyme. JNKK1 is structurally and functionaly ho-
mologous to the yeast MAPKK PBS2, which func-
tions in the hyperosmolarity responsive MAP kinase
cascade leading to activation of the HOG1 MAP
kinase [21,70]. INKK1 can partialy substitute for
PBS2 in yeast [67]. Consistent with this, INK can
partially substitute for HOG1, and is activated by
PBS2 upon exposure of yeast cells to hyperosmolar-
ity ([71], and A. Lin and M. Karin, unpublished).

4.4, Mammalian STE20 homologues and related pro-
teins in the JNK pathway

Results from experiments using dominant in-
hibitory mutants have indicated that MEKK functions
downstream to Rac and Cdc42Hs. Rac and Cdc42Hs
however, have not been shown to activate MEKK 1
directly. It is not clear therefore, how these GTP
binding proteins can activate the INK pathway. It
was suggested that the Rac-responsive
serine/threonine kinase PAK, or one of its close
relatives, acts between Rac and MEKK [55,72-75].
These protein kinases bind GTP-loaded Rac and
Cdc42Hs through a specific Cdc42Hs/Rac Interac-
tive Binding (CRIB) motif, and are strongly activated
by them in a GTP-dependent manner [72,73]. Human
PAK1, 2 and PAK®65, which are nearly identical in
sequence, are the mammalian homologues of the
yeast protein kinase, STE20. In S. cerevisiae, STE20
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functions upstream to STE11 in the pheromone re-
sponsive MAP kinase pathway ([17] and Fig. 2).
Furthermore, the founding member of the Rho fam-
ily, Cdc42Sc, originally identified by its role in bud
site selection (i.e. a cytoskeletal reorganization event;
[76] was recently found to be involved in activation
of STE20 in the pheromone responsive MAP kinase
cascade ([17,77], and Fig. 2). However, it is not clear
how STE20 affects STE11 activity and, in fact, it has
not even been shown to have a direct effect on
STEL11 activity. Considering the conservation in orga-
nization of yeast and mammalian MAP kinase cas-
cades and the fact that PAK1, 2 and PAKG65 are
directly activated by Rac and Cdc42Hs, it is tempting
to place them downstream of these in small GTP
binding proteins in the pathway leading to JNK acti-
vation. However, although it was reported that some
of the PAKs may activate INK or p38 [55,56,78], the
effects were rather small and were found to be cell-
type dependent and mostly due to vast overexpres-
sion of these proteins (A. Minden and M. Karin,
unpublished results).

Another mammalian STE20 related kinase, Germi-
nal Center Kinase (GCK) [79], was also shown to
activate the INK pathway [80]. Unlike PAK however,
GCK does not appear to be activated by Rac and
Cdc42Hs [80] and therefore may mediate INK activa
tion by Rac and Cdc42Hs independent stimuli. Inter-
estingly, GCK can be activated by TNF«, suggesting
that GCK could mediate INK activation by cytokines.
Other STE20 related proteins that have been impli-
cated in JNK activation include HPK1, NIK, and
KHS [81-83]. The mode of regulation of these ki-
nases are not yet fully understood however, and they
do not appear to mediate activation by Rac and
Cdc42Hs. Finaly, like the PAKSs, the Mixed Lineage
Kinase MLK3 [84] contains a conserved CRIB motif.
MLK3 (also known as SPRK), and the related kinase
MUK, activate the INK pathway, probably by direct
activation of INKK [85—88]. Thus, MLK3 and MUK
can serve as MAPKKKs in the INK pathway. Despite
the presence of a CRIB motif however, the interac-
tion of MLK3 with Rac and Cdc42Hs is somewhat
week [87]. Therefore, MLK3 and MUK may mediate
JINK activation by Rac/Cdc42Hs independent sig-
nals, and the putative signaling enzymes that mediate
Rac and Cdc42Hs activation of the JNK cascade
remain to be identified.

4.5. Potential role for phosphoinositide-3-kinase in
the INK pathway

It is not yet clear how Ras may lead to Rac and
Cdc42Hs activation. One possibility is that the lipid
kinase phosphoinositide-3-kinase (PI3 kinase) may
play arole. The catalytic subunit of PI3 kinase, p110,
binds to, and is activated by HaRas, in a GTP
dependent manner [89-91]. Recent work has sug-
gested that overexpression of a congtitutively active
mutant of p110 can lead to Rac activation [92]. Taken
together, these data would suggest that PI3 kinase
could have a role in connecting Ha-Ras activation to
Rac activation. It is not yet clear however, whether
PI3 kinase is sufficient to activate the JINK pathway.
In NIH3T3 cells, overexpression of constitutively
active pl10 was shown to be sufficient to induce
lamellipodia formation, but not JNK activation [92],
suggesting that PI3 kinase can stimulate only a subset
of Rac’s activities. On the other hand, overexpression
of constitutively active p110 in Cos cells did activate
JINK, suggesting that at the high level of expression
obtained in these cells, PI3 kinase is sufficient to
activate multiple downstream signaling events, in-
cluding JNK activation [93]. More work will be
required therefore, to clearly define the potentia role
for P13 kinase in the INK activation pathway.

4.6. Other activators of the INK pathway

In addition to the small GTP binding proteins
described above, INK may also be activated by het-
erotrimeric G proteins. For example, certain stimuli,
such as thrombin and charbacol, which activate het-
erotrimeric G protein coupled receptors, were re-
ported to activate INK [94—98]. Consistent with this,
congtitutively active mutants of the a subunits of
heterotrimeric G proteins G12 and G13 were shown
to activate INK by a pathway that involves Rac,
MEKK1, and JNKK1 [98—-100]. However, it is not
clear whether and how Gal2 and Gal3 can lead to
Rac activation. Other stimuli that activate the INKs
include UV irradiation, ionizing irradiation, heat
shock, hyperosmolarity, and DNA damaging agents
[60,71,101-105]. UV irradiation was shown to result
in clustering of cell surface receptors including those
for EGF, TNF«a, and IL-1 [106]. Furthermore, INK
activation by UV irradiation does not require a nu-
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cleus [107]. It is expected therefore, that UV irradia-
tion activates INK by a signaling pathway similar to
the one described above, rather than by a DNA
damage induced signal. It is not clear however,
whether UV irradiation can signal through small GTP
binding proteins such as Rac and Cdc42Hs.

Furthermore, UV irradiation can activate INK even
in the absence of INKK [108], suggesting that activa-
tion of JNK by cellular stresses such as UV irradia
tion may require signaling enzymes other than those
previoudy described. The non-receptor tyrosine ki-
nase c-abl may be involved in JNK activation in
response to some cellular stress. By using c-abl null
cells it was shown for example, that JNK activation
by ionizing radiation, alkylating agents, and the DNA
damaging agent ara-C, require functional c-abl
[104,105]. Other DNA damaging agents such as MMS
however, activate INK by a c-abl independent mech-
anism [109], and UV irradiation also does not seem to
signal through c-abl [109]. Another signaling enzyme
that may be involved in INK activation in response to
some stimuli is the tyrosine kinase Pyk2 [110]. Pyk2
seems to be a cell type specific mediator of JNK
activation in response to certain stimuli such as het-
erotrimeric G protein coupled receptors, UV irradia-
tion, TNFa, and changes in osmolarity [110]. The
mechanism of action of Pyk is not known, although it
may act by recruiting adapter proteins such as Grb2
and SHC [111]. Thus, different types of stimuli may
activate INK by different mechanisms, and future
work will be required to identify the signaling en-
zymes involved in mediating JNK activation in re-
sponse to various stimuli.

5. Signaling pathways leading to activation of the
P38 MAP kinase

A third mammalian MAP kinase pathway |leads to
p38 activation (see Fig. 3). p38 was originaly identi-
fied as a kinase that is activated by Lipopolysaccha-
ride (LPS) [9,112]. p38 is activated many of the same
extracellular stimuli that activate the INKs [113]. p38
is the structural homologue of yeast Hogl [9], and
like JINK, can partially substitute for Hogl in yeast
[9]. Like the JNKs, p38 is activated by Rac and
Cdc42Hs [53,78]. In contrast, p38 is not efficiently
activated by MEKK1, 2, or 3 [65,67]. The serine

threonine kinase ASK1, however, appears to be an
effective MAPKKK in the p38 pathway, and can also
activate the INK pathway [114]. p38 can be directly
activated by INKK [67-69], and also by two other
MAPKKs, MKK3 and MKK®6 [69,115,116].

6. Downstream targets of the INK pathway

6.1. The activity of transcription factor C-jun is
regulated by phosphorylation

Once activated, INK phosphorylates a number of
targets. It was originally identified however, based on
its ability to phosphorylate specific sites on the amino
terminal activation domain of c-Jun. Phosphorylation
of these sites dramatically stimulates c-Jun’s activity
as a transcription factor. c-Jun, encoded by the c-jun
proto-oncogene, is a sequence specific transcription
factor whose function has been implicated in various
cellular events ranging from cell proliferation and
differentiation to neoplastic transformation [117]. c-
Jun is a component of the sequence specific transcrip-
tional activator AP-1 [117]. AP-1 is a collection of
dimers composed of the Jun, Fos or ATF families of
bZIP (basic region-leucine zipper) DNA binding pro-
teins. These dimers bind to a common cis acting
element known as the TRE (TPA response element)
or the AP-1 site [117]. While many of the AP-1
factors are transcriptional activators, certain AP-1
complexes can function as transcriptional repressors
[117,118]. The exact function and potency of AP-1
complexes is determined by their composition. The
composition of the AP-1 complex may aso deter-
mine the specificity of target gene activation, as
suggested by the distinct phenotypes observed in
response to inactivation of genes encoding AP-1
components [119-121]. Part of the specificity of
AP-1 complexes may be determined by interaction
with other transcription factors belonging to the Ets
[122] or Rel [123] families. In addition, the activity of
AP-1 components is modulated by interaction with
coactivator proteins, such as the Jun activation do-
main binding protein 1 (JAB1; [124]. In addition to
c-Jun, the Jun family of protooncogenic transcription
factors contains JunB [125] and JunD [126].

The abundance and activity of c-Jun are modul ated
in response to extracellular stimuli. Although we
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know less about the regulation of JunB and JunD, it
is likely that their abundance and activities are aso
regulated. The amount of c-Jun is primarily regulated
at the transcriptional level due to the fact that the
c-jun gene is an immediate early gene [127]. In
non-stimulated logarithmic growing cells, the amount
of c-Jun is quite low, and these levels are even lower
in serum-deprived quiescent cells. Like other imme-
diate early genes, c-jun transcription is rapidly stimu-
lated, independently of de novo protein synthesis,
following exposure to a variety of extracellular stim-
uli, including growth factors, proinflammatory cy-
tokines and UV irradiation [127—130]. This results in
production of more c-jun mRNA and ultimately in an
increase in the amount of c-Jun protein in the nu-
cleus.

A second level of regulation occurs post-transcrip-
tionally through c-Jun phosphorylation. Phosphoryla-
tion of sites within the N-terminal activation domain
of c-Jun, serines 63 and 73 dramatically stimulates
the transcriptional activity of the protein [131-133].
In addition, phosphorylation of the same sites was
suggested to increase the stability of the protein
resulting in a modest increase in its steady state level
[134]. Non-stimulated cells express low levels of
c-Jun protein whose N-terminal sites are mostly not
phosphorylated. Although the protein may be bound
to certain AP-1 sites, its transcriptional activity is
low. Exposure of cells to growth factors, proinflam-
matory cytokines, UV irradiation [47,128], or the
akylating agent methylmethane sulphonate (MMS;
[109], results in a rather rapid increase in phosphory-
lation of serine 73 and to a lesser extent serine 63
[47]. Interestingly, the same stimuli which enhance
the phosphorylation of these N-terminal sites, also
cause induction of c-jun transcription [47,128,129].
This correlation supports the autoregulatory model in
which transcription of the c-jun gene is mediated by
a modified AP-1 site in its own promoter [127].

The INK family of MAP Kinases specifically
phosphorylate Serines 63 and 73 on the c-Jun activa
tion domain, and so far they are the only MAP
kinases known to phosphorylate these sites. Consis-
tent with the role for JNK in phosphorylating and
activating c-Jun, signas that activate the JINK path-
way also stimulate ¢c-Jun phosphorylation in vivo, and
stimulate c-Jun transcriptional activity [60,135]. It is
possible to construct altered specificity mutants of

¢-Jun in which Serines 63 and 73 are phosphorylated
by protein kinase A instead of JNK [136]. Neverthe-
less, phosphorylation of the two sites still stimulates
the transcriptional activity of c-Jun [136]. Mutants in
which Serines 63 and 73 are changed to non-phos-
phorylatable amino acids on the other hand, can not
be activated by upstream activators [53]. Phosphory-
lation of the c-Jun amino terminal sites therefore
seems to be critical for stimulating c-Jun’s transcrip-
tional activity. A likely mechanism underlying this
transcriptional enhancement is the ability of N-termi-
nal phosphorylated c-Jun to interact with additional
coactivators such as CBP [137]. Although a formal
genetic proof is still missing, the N-terminal phos-
phorylation of c-Jun is believed to be critical for
activation of a subset of AP-1 or ¢-Jun target genes.

6.2. Phosphorylation of jun proteins by the JINKs

The use of affinity columns containing the N-
terminal activation domain of c-Jun led to identifica
tion of at least two kinase activities, 46 and 55 kDain
size, which bind to this region of c-Jun and phospho-
rylate it on serines 63 and 73 [6]. Most importantly,
the regulation of these activities paralels the regula-
tion of c-Jun phosphorylation in intact cells [47]. The
JINK s were also independently identified as cyclohex-
amide activated protein kinases and were named
SAPKs [8,137]. Only after isolation of the corre-
sponding DNA clones was it realized that the INKs
and SAPKs are the same [7,8]. The JNK subgroup
includes the products of three related genes JINK1[7],
JNK2 [48,49], and JNK3[101]. Alternatively they are
referred to as SAPK a, SAPK 8 and SAPKy [8].
Each of these genes directs the production of several
JNK polypeptides due to alternative splicing (K.
Yoshioka and M. Karin, unpublished results and
[101]). While INK1 and JNK2 are expressed in most
if not al cell types [48], expression of INK3 appears
to be limited to neurona cells [101]. All the INK
isoforms are regulated identically in response to ex-
tracellular stimuli [48,101].

Although the major products of the JNK1 and
JINK2 genes are identical in their responses to extra-
cellular stimuli, they differ in their ability to phos-
phorylate c-Jun. Using c-Jun activation domain affin-
ity beads it was shown that the 55 kDa JNK2
polypeptide has a much higher affinity towards c-Jun
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than the 46 kDa JNK 1 polypeptide [48]. As a resullt,
INK2 is a more efficient c-Jun kinase than JNK1,
having a lower Km and higher Vmax [48]. The two
kinases are, however, identical in their ability to
phosphorylate murine p53 (T. Kallunki and M. Karin,
unpublished results), and it is assumed that other
substrates may be more efficiently phosphorylated by
JINK1. Using a series of chimeras, the differences in
the ability to bind and phosphorylate c-Jun were
mapped to a 23 amino acid segment that is located
next to the catalytic pocket of the enzyme but is not
an actual part of it [48]. Interestingly, this region is
encoded by a separate exon which, in the case of the
JINK2 gene, has been duplicated and is subject to
alternative splicing (K. Yoshioka, T. Kallunki and M.
Karin, unpublished results and [101]). Thus, the ma-
jor polypeptide encoded by the JNK2 gene is an
efficient c-Jun kinase, while the minor product is a
low affinity c-Jun kinase similar to INK1 (K. Yosh-
ioka, T, Kalunki and M. Karin, unpublished results).
A mutant of JNK1 in which the 23 amino acid
segment is derived from INK 2 is as efficient in ¢c-Jun
phosphorylation as wild-type JNK2 [48]. This short
segment of JNK present in its C-terminal lobe serves
to anchor the enzyme onto a specific docking site on
its substrate c-Jun, which was localized between
amino acids 30 and 60 in the N-terminal activation
domain of c-Jun [138]. Although JNK2 forms a very
stable complex with c-Jun in vitro [48], all attempts
to coprecipitate the two proteins from cells have
failed (M. Hibi and M. Karin, unpublished results).
The reason for this falure is two fold. First, like
other MAP kinases the INKs are excluded from the
nucleus prior to activation [139]. Second, once c-Jun
is phosphorylated by the activated form of JINK,
which enters the nucleus [139], the ¢c-Jun:JNK com-
plex is destabilized [6]. Despite the failure to isolate
c-Jun:INK complexes from cells, the importance of
JINK docking to ¢-Jun is strongly supported by muta-
tional analysis. Mutations that abolish or decrease
JNK' binding to c-Jun in vitro result in a large
decrease or complete inhibition of JINK-mediated c-
Jun phosphorylation in intact cells [138].

The interaction of JNK with c-Jun is bipartite. In
addition to a docking site located between amino
acids 30 and 60 of c-Jun, efficient phosphorylation of
c-Jun by JNK requires specificity conferring residues
located around the phosphoacceptor sites [138]. Most

important is proline at the P+ 1 position, a require-
ment that is common to JNK and al other MAP
kinases ([138] and references therein). In addition,
efficient c-Jun phosphorylation by IJNK requires a
positively charged residue located several amino acids
C-termina to the phosphoacceptor site [138]. While
these sequences are absolutely essentia for JNK-
mediated c-Jun phosphorylation, they do not affect
the binding of JNK to c-Jun [138]. In addition to
ensuring high efficiency of phosphorylation, the c-Jun
docking site is responsible for selection of the phos-
phoacceptor site. Despite the sequence requirements
described above, c-Jun contains several potential INK
phosphoacceptor sites. These sites are revealed once
docking defective mutants of c-Jun are phosphory-
lated by INK in vitro. Although such mutants are
inefficiently phosphorylated, phosphopeptide map-
ping indicates that their phosphorylation occurs on
multiple sites while phosphorylation of wild type
c-Jun by JNK is restricted to serines 63 and 73 [138].
Collectively these results suggest the following
mechanism for INK-mediated c-Jun phosphorylation.
Once INK is activated it translocates to the nucleus
and forms a transient complex with the N-terminal
activation domain of c-Jun. The docking of JNK to
c-Jun serves to increase the local concentration of the
enzyme next to its substrate. Once the initial complex
dissociates, JNK interacts with the phosphoacceptor
site of c-Jun via its catalytic pocket. This classical
form of enzyme-substrate interaction results in c-Jun
phosphorylation and dissociation of the enzyme-sub-
strate complex.

In addition to explaining the highly efficient phos-
phorylation of c-Jun by JNK, this bipartite recogni-
tion mechanism explains the specificity of c-Jun
phosphorylation. So far, the other subgroups of mam-
malian MAP kinases were found to be incapable of
efficient phosphorylation of serines 63 and 73 of
c-Jun. This remarkable substrate specificity stands in
contrast to the results of peptide selection experi-
ments. Using an ingenious method based on phospho-
rylation of a random collection of serine-proline con-
taining peptides [140], Cantley and coworkers found
that ERK, JNK and p38 select the same peptide
sequence (L. Cantley, persona communication).
Thus, the interaction of MAP kinases with the phos-
phoacceptor peptide, although critical for substrate
phosphorylation, does not account for the differences
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in their substrate specificities. The actual specificity
of these enzymes is most likely determined by the
same mechanism described above for INK mediated
¢-Jun phosphorylation.

Of the different Juns, only c-Jun is an efficient
JINK substrate. Although JunB contains an effective
JINK-docking site similar in its efficiency to the INK
docking site of c-Jun, JunB is not phosphorylated by
JNK at all. The reason is that JunB does not contain
prolines at the P+ 1 position following its equiva
lents of serines 63 and 73 [138]. Although JunB, like
c¢-Jun, contains cryptic JINK phosphorylation sites, the
presence of the efficient docking site localizes the
kinase to the N-termina activation domain of JunB
and suppresses its ability to phosphorylate other sites.

Unlike c-Jun and JunB, JunD does not contain an
effective INK docking site. The phosphoacceptor re-
gion of JunD, however, is almost identical in its
sequence to the phosphoacceptor region of c¢-Jun,
including the prolines at the P+ 1 positions. Al-
though the phosphorylation of JunD by JNK, mea-
sured in vitro or in intact cells, is considerably less
efficient than c-Jun phosphorylation, in intact cells,
JunD is phosphorylated more efficiently than docking
defective mutants of c¢-Jun [138]. INK-mediated JunD
phosphorylation was found to be facilitated by the
heterodimerization of JunD with either c-Jun or JunB,
both of which have efficient docking sites. In this
case, JNK is first recruited to JunD containing dimers
by docking to the partner protein. As in the case of
c-Jun, this results in a higher local concentration of
JINK, thereby facilitating the phosphorylation of the
docking-defective protein in JunD [101,138]. In addi-
tion to explaining how the JNKs can discriminate
between the different Jun proteins, these results illus-
trate that heterodimerization between transcription
factors can affect their targeting by MAP kinases and
possibly other signal regulated protein kinases.

6.3. Other substrates for JNK can contribute to AP-1
activity

In addition to c-Jun, the INK's were recently found
to phosphorylate and activate other transcription fac-
tors. One of these is the transcription factor ATF2
[141-143]. Interestingly, c-Jun and ATF2 dimerize
and bind to the non-consensus TRE in the c-jun
promoter, thereby simulating expression of the c-jun

gene [144]. The INK pathway therefore has the po-
tential to regulate both the abundance and activity of
c-Jun. INK can also lead to increased expression of
another component of AP-1, c-fos. Like c-jun, c-fos
is an immediate early gene regulated by severa
cis-acting elements in its promoter /enhancer region
[145]. One of these, the serum response element
(SRE), mediates c-fos induction in response to many
extracellular stimuli including serum growth factors
[145]. At least two types of transcription factors bind
simultaneously to the SRE; the dimeric serum re-
sponse factors (SRF) and the ternary complex factors
(TCF) [145,146]. The best characterized of the TCFs
is Elk-1 [147]. Like c-Jun, Elk-1 activity is regulated
by phosphorylation [39—41,148]. Phosphorylation of
Elk-1 at specific sites in its transactivation domain
dramatically stimulates its ability to activate tran-
scription of genes such as c-fos. Growth factor stimu-
lation of the c-fos gene was shown to be mediated at
least in part by phosphorylation of Elk-1 by the
ERK's [39-42]. However, c-fos transcription is also
enhanced by other stimuli, such as UV irradiation,
IL-1 and TNFa, and by signaling enzymes such as
MEKK, which are poor activators of the ERKs.
Mutational analysis has indicated that this activation
is dependent on the SRE [139,149]. Interestingly,
JNK' that was immunopurified from UV irradiated
cells could phosphorylate recombinant ELK-1 in vitro.
In fact, this phosphorylation was as efficient as the
phosphorylation by immunopurified activated ERK.
Furthermore, the major renaturable ELK-1 kinase in
extracts from UV treated cells was found to be INK
[139]. Phosphopeptide mapping and mutational analy-
sis has indicated that INK phosphorylates ELK-1 on
the same major sites as do the ERKs, and that these
sites are necessary for stimulating ELK-1's transcrip-
tional activity. [40,139,149,150]. Thus, while induc-
tion of the c-fos gene by growth factors may be
mediated primarily by the ERKs, the INKs are most
likely responsible for c-fos induction in response to
cellular stresses and cytokines. In both cases, induc-
tion of the c-fos gene leads to increased production
of c-Fos protein, which in turn can trandocate to the
nucleus and form heterodimers with c-Jun. Increased
production of c-Fos is important for AP-1 activity,
because Jun/Fos heterodimers are more stable than
Jun /Jun homodimers [151], thus leading to a more
stable AP1 complex.
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7. Downstream targets of the P38 and ERK path-
ways also contribute to AP-1 activity

Although it does not phosphorylate or activate
c-Jun, p38 can also contribute to AP-1 activity. The
specific p38 inhibitor SB203580 [112,152] blocks
both c-fos and c-jun expression in response to UV
irradiation and the protein synthesis inhibitor ani-
somycin [153]. These results should be interpreted
carefully, because at higher doses, SB203580 can
also block JNK activation. Several other lines of
evidence however, support the idea that p38 can
contribute to c-jun and c-fos expression. First, like
JINK, p38 can phosphorylate and activate ATF2
[116,154]. p38 can thereby contribute to c-jun gene
induction mediated by the AP-1 binding site in the
c-jun promoter. In addition to the AP-1 site, the ¢-jun
gene can also be regulated by another cis acting
element, which contains a recognition site for MEF2
family of transcription factors. The MEF2 family of
transcription factors (consisting of MEF2 A-D) have
important roles in mediating c-jun induction by serum
[155]. Mutational analysis has shown that the MEF2
siteis aso critical for induction of the c-Jun promoter
by LPS in macrophages, and that this induction re-
quires functional p38 and transcription factor MEF2C.
Furthermore, MEF2C was shown to be directly phos-
phorylated and activated by p38 [156]. Thus, p38 can
potentially regulate c-Jun transcriptional activity by
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regulating transcription factors that bind to the AP-1
site as well as the MEF2 site of the c-jun promoter.

p38 may also be involved in c-fos induction by
several mechanism. Like INK, p38 can phosphorylate
and activate TCF/ELK1 [154], which mediates c-fos
induction by binding together with SRF to the SRE.
Under some circumstances, c-fos induction also re-
quires another element, however, which is recognized
by the transcription factor CREB [157-159]. Re-
cently, p38 was shown to lead to the phosphorylation
and activation of CREB. This phosphorylation is
mediated by the p38 activated kinase, MAPKAP2
[160]. Finally, the ERKs also appear to have arole in
c-fos induction, as they also lead to phosphorylation
and activation of can aso activate TCF/ELK1 and
CREB. While phosphorylation of TCF/ELK1 by
ERK appears to be direct [39-42], phosphorylation of
CREB is mediated by an ERK activated kinase,
RSK 2 [46]. The convergence of the various signaling
pathways on c-jun and c-fos are summarized in Fig.
4,

8. Potential functions of JNK and other MAP
kinases

Although a great deal has been learned about the
components of MAP kinase pathways and their orga-
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Fig. 4. Transcription of both the c-fos and c-jun genes are regulated by the three major types of MAP Kinases. All three MAP Kinases
activate transcription factors that bind to cis-acting elements in the promoters of these genes. While these promoters contain a number of
cis-acting elements, only those that recognize transcription factors that regulated by the ERK, JNK, or p38 MAP Kinases are illustrated.



A. Minden, M. Karin / Biochimica et Biophysica Acta 1333 (1997) F85-F104 Fo7

nization, much more remains to be learned about the
biological functions of MAP kinases, especialy in
higher eukaryotes. Studying the functions of signal
transduction pathways is complicated by the fact that
a number of signal transduction pathways are proba-
bly activated at any given time in a cell in response
to stimulation of a single cell surface receptor. A
combination of signaling pathways therefore proba-
bly contribute to any given response. Furthermore,
the same signaling pathway can often have different
functions depending on the cell context. One of the
best examples comes from studying the functions of
the ERK pathway. While ERK activation has been
linked to mitogenic stimulation in fibroblasts, this
same signaling pathway can mediate a completely
different response in the rat pheochromocytoma cell
line, PC12 [161]. In these cells, the ERK pathway
mediates a response to NGF, which involves cessa-
tion of growth and differentiation into neuron- like
cells [161-163]. In addition to cell type, other factors
may also determine the functions of MAP kinases. In
PC12 cells for example, the decision to proliferate or
differentiate may depend on whether the ERK path-
way is activated for a transient or a prolonged time
period [164].

Although a variety of functions have been at-
tributed to the INKs, it is difficult to generalize, since
their functions are aso likely to vary depending on a
variety of cellular and environmental conditions. As
JINK is activated by a variety of cellular stresses, it
has been proposed to serve as a mgjor 'on’ switch for
programmed cell death [165-168]. In PC12 cells,
JINK was proposed to trigger apoptosis in response to
nerve growth factor withdrawal, while the ERKs
were proposed to inhibit apoptosis. The opposite
effect was seen in B cells however. In these cells,
activation of the cell surface antigen receptor CD40
activates JINK and rescues cells from apoptosis. Acti-
vation of surface IgM on the other hand stimulates
ERK activity and can cause apoptosis. This suggests
that in these cells INK may have the protective role,
while ERKs may mediate apoptosis [169]. In fibrob-
lasts and epithelial cells, overexpression of MEKK or
ASK1 can both lead to apoptosis [114,170]. Since
both of these signaling enzymes are strong activators
of JNK, it is tempting to speculate that they trigger
apoptosis by activating the INK pathway. However,
both of these enzymes can most likely activate other

signaling pathways in addition to the INK or p38
pathways. In fact, over-expression of MEKK was
also found to stimulate activity of the c-myc proto-
oncogene, and was shown to stimulate apoptosis by a
mechanism that is independent of JNK [170].

TNFa is a potent activator of the INK pathway,
and can induce apoptosis in some tumor cells. INK
has been proposed to be a mgjor mediator of apopto-
sis in response to TNFa. A catayticaly inactive
IJNKK mutant and a N terminally truncated c-Jun
mutant were shown to block apoptosis by ceramide, a
major product of TNFa activation [166]. It is not
clear whether this is a specific effect however, be-
cause TNFa can induce apoptosis in these cells even
in the absence of a nucleus, and does not require new
protein or RNA synthesis [166]. It is difficult to
explain therefore, how c-Jun, a nuclear protein and
transcription factor, could mediate apoptosis by
TNFa. A more thorough understanding of the mode
of action of TNFa has come from anayzing the
functions of TNFa Receptor Interacting proteins.
Activated TNFR-1 for example, interacts with the
TNFR-1 associated death domain (TRADD) protein.
At least three other proteins are then recruited to the
TNFR-1-TRADD complex. These include RIP,
FADD, and TRAF2. Overexpression of TRAF2 does
not stimulate apoptosis, and it is not required for
TNFa induced apoptosis. TRAF2 was shown to be
necessary for INK activation by TNFa however, and
its overexpression is sufficient to stimulate IJNK
[51,52]. RIP aso activates the INKs, but can do so
even in the absence of the death domain that causes
apoptosis [51]. In contrast, FADD activates the INKs
very inefficiently, but is sufficient to induce apoptosis
[51,52]). These results indicate that JNK activation
and apoptosis in response to TNFa can be com-
pletely separated.

Perhaps the most direct study of the role for the
JINK pathway in apoptosis has come from analyzing
JINKK (SEK1) null chimageric mice. Thymocytes from
these mice showed significantly increased susceptibil-
ity to apoptosis triggered by CD95 (Fas) and CD3
[108]. These results indicate that the INK pathway
may actually confer resistance to apoptosis, rather
than triggering apoptosis. Interestingly, JNK activa-
tion leading to c-Jun induction most likely mediates a
protective function in UV irradiated cells as well (F.
Piu and M. Karin, unpublished results). It will be
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interesting to see whether JINK has a protective role
against other types of environmental stresses. In addi-
tion, studying the mechanism by which the INK
pathway may protect cells from apoptosis and envi-
ronmental stresses will provide valuable new infor-
mation about the mechanisms by which cells respond
to celular stresses, and may ultimately provide a
means for regulating these responses in various
pathological conditions.

The studies summarized above indicate that the
potential role for the JNK pathway in apoptosis is
still unclear, and probably varies in different cell
types. This is not surprising given the fact that the
mechanisms governing apoptosis probably vary in
different cell types. For example, while in some cells
apoptosis can occur even in the absence of de novo
protein synthesis [171], in other cells, such as neu-
ronal cells, protein synthesis is required [172]. Thus,
the roles for signal transduction pathways leading to
transcription factor activation and regulation of gene
expression are also likely to vary in these different
cell types.

The finding that JINK and p38 are strongly acti-
vated by pro-inflammatory cytokines such as TNF«
and IL-1, suggests that these signaling pathways may
also have arole in inflammatory responses. Interest-
ingly, both INK and p38 are also strongly activated
in macrophages and monocytes by infectious agents
such as the endotoxin LPS, which leads to a potent
inflammatory response. Pharmacological inhibitors of
p38 block many inflammatory responses, especially
the production of cytokines [112,173,174]. The pro-
moters of many inflammatory response genes, espe-
cialy those encoding cytokines and chemokines, have
AP-1 binding sites. This suggests a possible role for
JNK in their regulation [175]. JNK is also thought to
be involved in the induction of cyclooxygenase
2/Prostaglandin Synthase-2, which plays an impor-
tant role in the inflammatory response by catalyzing
the production of prostaglandins [176,177]. More
work will be needed to determine whether and how
the INK and p38 pathways can mediate inflammatory
responses. A better understanding of these mecha
nisms will ultimately be important for the develop-
ment of more specific anti-inflammatory drugs.

JINK is activated not only by cytokines and cellular
stresses, but also by stimuli involved in cell growth
and proliferation. INK for example, is strongly acti-

vated by onco-proteins such v-Src [53,177], and the
JINK pathway may be involved in oncogenic transfor-
mation of immortalized fibroblasts by v-Src [177].
More recently JNK activation was suggested to be
important for transformation by the Met tyrosine
kinase [178]. In many cells INK is aso activated by
growth factors [2,53], and in the liver epithelial cell
line GN4, the mitogen angiotensin 2 activates INK
very efficiently without exerting much of an effect on
ERK activity [97]. Likewise, Rac and Cdc42Hs, which
activate the INK pathway [53-56], also appear to
play key roles in cell proliferation, progression
through the cell cycle, and oncogenic transformation
[179-184]. Many of the guanine nucleotide exchange
factors which directly activate these proteins, such as
Dbl, Ost, and Tiam, are themselves proto-
oncoproteins [181,184-187], and strongly activate
JNK [53,54]. It is therefore essential to determine
more directly whether INK activation plays a critica
role in mitogenic and oncogenic pathways. Also of
interest is whether improper regulation of the JNK
pathway can contribute to uncontrolled proliferation
and neoplastic transformation.

The biological effects of the INK pathway proba
bly depend on its cooperation with other signaling
pathways. One possibility is that it could cooperate
with the ERK pathway to stimulate oncogenic trans-
formation. By using dominant negative mutants, the
ERK pathway was shown to be necessary for malig-
nant transformation by oncogenic Ha-RasV12. Like-
wise, activation of the ERK pathway by overexpress-
ing congtitutively active MEK mutants can also trans-
form rodent fibroblasts [35,161]. Recent work has
shown, however, that the ERK pathway may not be
sufficient for the full transforming effect of Ha-Ras
V12 [179,188]. Severa studies suggest that signaling
pathways mediated by Rho family members includ-
ing Rac, are necessary for Ha-Ras induced transfor-
mation [179,181-183]. Consistent with this, the Rac
mediated pathway may synergize with the ERK path-
way to produce oncogenic foci in fibroblasts [179].
Since Rac activates INK and p38, it will be interest-
ing to determine whether this second pathway is the
pathway that leads to activation of these MAP ki-
nases. Likewise, it will be interesting to determine
whether the INK or p38 pathways act in concert with
the ERK pathway or other signaling pathways to
produce a proliferative response. Studies using vari-
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ous effector mutants of Rac, however, indicate that
Rac mediated JNK activation can be separated from
Rac mediated changes in cell proliferation and trans-
formation and from changes in the organization of
the actin cytoskeleton [189,190]. These studies sug-
gest that the INK pathway may not be directly in-
volved in the mitogenic effect of Rac, and that other
signaling pathways may mediate proliferation and
oncogenic transformation in response to the Rho
family of GTP binding proteins.

Studies such as those described above implicate
MAP kinase pathways in a variety of cellular re-
sponses. The most informative and rigorous analysis
of MAP kinase function, however, comes from ge-
netic studies done in other organisms. In the nema-
tode C. elegans, a MAP kinase pathway triggered by
the Let23 receptor tyrosine kinase mediates differen-
tiation of vulval precursor cells into mature vulval
cells [191]. The inductive signal is the EGF related
ligand 1in3 [192]. Binding of Lin3 to Let23 stimulates
a MAP kinase cascade mediated by the Ras homo-
logue Let60, leading ultimately to activation of the
Sur-1/MPK MAP kinases, which are most similar to
the mammalian ERKs [193-195]. Mutations in the
genes that encode components of this pathway result
in either a vulvaless or a multivulval phenotype
[195,196].

In Drosophila, severa MAP kinase pathways were
described. The one most extensively characterized is
involved in eye development. Undifferentiated pre-
cursor cells in the Drosophila compound eye receive
signals from neighboring cells which cause them to
differentiate into photoreceptor cells. Neuronal differ-
entiation of the R7 precursor cell is initiated by
interaction between the bride of sevenless (BOSS)
ligand with the sevenless (SEV) tyrosine kinase re-
ceptor. Activation of the receptor by the ligand acti-
vates a Rasl dependent MAP kinase cascade that
leads ultimately to activation of the rolled MAPK,
which is also most similar to the mammalian ERKs.
Rolled phosphorylates various transcription factors
necessary for normal eye development. Mutations in
genes that encode components of this pathway dis-
rupt normal eye development [197—-203].

More recently, a role for INK has also been de-
scribed in Drosophila. Drosophila JINK (DINK) has
been shown to be essential for embryonic develop-
ment. Loss of DINK inhibits the movement of |ateral

epithelial cells during mid-embryogenesis, and blocks
dorsal closure, processes that involve changes in cell
shape and migration [204,205]. In addition to its role
in Drosophila development and morphogenesis,
DJNK is activated by LPS, which initiates an insect
immune response [204]. Thus, in insects as well as
mammals, INK may have a role in mediating im-
mune and inflammatory responses.

In summary, the INK pathway is activated by a
wide range of different types of stimuli. These in-
clude not only growth factors, but aso proinflamma
tory cytokines, heat shock, short wavelength UV
radiation, and numerous other stimuli. These stimuli
dicit very different types of cellular responses, rang-
ing from cell growth to cell death [109,206]. It seems
likely therefore, that the JNK pathway may have
entirely different functions under different conditions.
The exact function is likely to be revealed by genetic
analysis akin to the studies conducted in yeast, C.
elegans and D. melanogaster.

9. Conclusions and future considerations

A great deal of progress has been made in recent
years toward understanding how MAP kinases such
as JNK mediate responses to extracellular stimuli.
This work has opened up intriguing new questions
that need to be addressed in the future. For example,
how do cells coordinate responses from different
stimuli, and how do they make the decision to acti-
vate one signaling pathway over another? Another
interesting question is why so many signaling en-
zymes are members of families of closdly related
proteins, and how such closely related proteins are
specificaly activated in response to extracellular
stimuli. For example, recent work demonstrated the
existence of multiple MEKKs [65] and PAKs [55,72—
75]. Do these enzymes simply have redundant func-
tions, or do they have distinct functions, such as
mediating and integrating responses from different
extracellular stimuli? Other questions relate to the
specific functions of signaling pathways. As men-
tioned above, different signaling pathways can proba-
bly act together to some extent. In some cases one
pathway can even activate another by an autocrine
loop mechanism [60], but in other cases one pathway
may negatively regulate the other. For example, acti-
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vation of cyclic AMP (cAMP)-dependent protein ki-
nase A (PKA) can downregulate the ERK pathway
by inhibiting Raf activity. This inhibition weakens
Raf-1 interaction with Ras and may aso directly
inhibit Raf-1 activity by phosphorylation of its kinase
domain [207-213]. It will be important to determine
how different signaling pathways interact with each
other in order to mediate and coordinate specific
biological responses. One way that signaling path-
ways could affect one another could be by induction
of specific phosphatases. Recently, severa phos-
phatases of the MKP family were found to specifi-
cally dephosphorylate JINK on threonine and tyrosine
residues, thereby inhibiting its activity [101,214,215].
Since transcription of the genes encoding these phos-
phatases may be regulated by an ERK dependent
pathway, their induction may provide a mechanism
by which one pathway can regulate another [214].
Another important area of investigation is the identi-
fication of target genes whose expression is regulated
by MAP kinases. Identification of such target genes
should provide important new information about the
biological responses that are activated by the MAP
Kinases. In addition, it will be of extreme importance
to determine how MAP kinases regulate steps other
than transcription initiation in the overall process of
gene expression, such as mRNA stability and transla-
tional efficiency [216]. Finally, the biological func-
tions of specific signaling pathways need to be inves-
tigated further. When studying the functions of vari-
ous signa transduction pathways including the JNK
pathway, it will be important to consider the possible
contributions of various factors. These include cell
type, the type of stimulus, the duration and magni-
tude of the response, and the activation of other
signaling pathways in the cell.
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