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ABSTRACT. The response of cells to extracellular stimuli is mediated in part by a number of intracellular ki-
nase and phosphatase enzymes. Within this area of research the activation of the p42 and p44 isoforms of mito-
gen-activated protein (MAP) kinases have been extensively described and characterised as central components
of the signal transduction pathways stimulated by both growth factors and G-protein-coupled receptor agonists.
Signaling events mediated by these kinases are fundamental to cellular functions such as proliferation and differ-
entiation. More recently, homologues of the p42 and p44 isoforms of MAP kinase have been described, namely
the stress-activated protein kinases (SAPKs) or alternatively the c-jun N-terminal kinases (JNKs) and p38 MAP
kinase (the mammalian homologue of yeast HOG1). These MAP kinase homologues are integral components
of parallel MAP kinase cascades activated in response to a number of cellular stresses including inflammatory
cytokines (e.g., Interleukin-1 (II-1) and tumour necrosis factor-a (TNF-a), heat and chemical shock, bacterial
endotoxin and ischaemia/cellular ATP depletion. Activation of these MAP kinase homologues mediates the
transduction of extracellular signals to the nucleus and are pivotal events in the regulation of the transcription
events that determine functional outcome in response to such stresses. In this review we highlight the identifica-
tion and characterisation of the stress-activated MAP kinase homologues, their role as components of parallel
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INTRODUCTION

Historical Perspectives

Stress-activated protein kinases were initially identified as
the major protein kinase activity that phosphorylated the
microtubule associated-protein-2 (MAP-2) recovered from
rat liver tissue following treatment of the animals with the
protein systhesis inhibitor cycloheximide [1]. This 54kDa
activity was termed a MAP kinase isoform based on its 40—
45% sequence homology with the p42/44 MAP kinases [2]
and in common with the p42/44 MAP kinases was a pro-
line-directed kinase, requiring dual specific phosphoryla-
tion of both tyrosine and threonine residues for maximal ac-
tivation [3]. Molecular cloning of the p54 protein revealed
a subfamily of MAP kinase proteins encompassing three dis-
tinguishable activities, termed p46, p54a; and p558 [2].
The activation of these kinases contrasted with that of the
p42/44 MAP kinases in that they were poorly activated in
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response to both growth factors and phorbol ester. They
were, in fact, highly responsive to inflammatory cytokines,
heat shock and a number of cellular metabolic inhibitors [2].
Their activation was additionally described to be responsible
for the N-terminal phosphorylation of the nuclear proto-
oncogene c-jun, similar to previously described activities
termed c-jun N-terminal kinases (JNKs) [2, 4-6]. Therefore,
it became apparent that stress-activated MAP kinases and
JNKs were indeed the same entity. At present the SAPK/
JNK isozymes appear to be the product of three distinct
genes though alternative splice variants of these genes may
account for up to 10 identifiable forms [7] resulting in dis-
played molecular weights of 46 and 55 kDa, respectively.
In addition to the JNK proteins, a parallel stress-acti-
vated MAP kinase was also identified in mammalian cell
types, analogous to a component of the high osmolarity glyc-
erol responsive 1 (HOG1) pathway in yeast. Attention fo-
cused upon this MAP kinase homologue as it emerged from
independent studies to be the intracellular kinase termed
p38, phosphorylated and activated in response to hyperos-
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molarity and bacterial endotoxin [8, 9], the direct activator
of the serine kinase MAPKAP kinase-2, responsible for
phosphorylation of the small heat shock proteins hsp27;
termed reactivating kinase (RK) or p40 [10, 11] and human
homologues involved in the regulation of 1l-1 and TNFa
synthesis by endotoxin-stimulated monocytes, termed cyto-
kine-suppressive anti-inflammatory drug (CSAID) binding
proteins 1 and 2 (CSBPs 1 & 2) [12, 13].

While these initial studies clearly identified both cellular
stress and cytokines as major activators of the SAPK cas-
cade, evidence now supports a role for this pathway in the
cellular effects of an increasingly large number of extracellu-
lar stimuli. This includes ceramides [14, 15], G-protein-cou-
pled receptor agonists [16], vasoactive peptides [17], chronic
hypoxia [Scott P. H., Paul A., Robinson C. J. M., Belham
C. M., Gould G. W. and Plevin R., unpublished data], cell
stretching [19] ischaemia/reperfusion [20-22] and integrin
clustering [23] and suggests the potential of multiple signal-
ling events contributing to the activation of the SAPKs and
their involvement in a vast array of functional responses
(Table 1). A major thrust of current research is in the iden-
tification and function of the major intermediates of the
SAPK cascades, the intracellular targets of SAPK homo-
logues and the physiological function of these pathways.
This review will focus upon these aspects.

Activation of the Stress-activated
Protein Kinases Requirement for Upstream
Dual Specific Activating Kinases: MKK Homologues

As with the MAP kinase cascades evident in both yeast and
mammalian cells, the SAPK pathways align themselves into
a well conserved, three component, sequential kinase cas-
cade consisting of MAP kinase homologue (or SAPK/JNK/
p38 MAP kinase), MAP kinase kinase homologue (or
MKK/MEK/SEK/JNKK) and MAP kinase kinase kinase (or
MEKK) (see Fig. 1). Predictably, the activation of the
SAPKs relies on their phosphorylation at specific dual phos-
phorylation motifs, namely the sequences Thr-Pro-Tyr
(TPY) for JNK [2] and Thr-Glu-Tyr (TGY) for p38 MAP
kinase, respectively [3, 24, 25] (see Fig. 2). These residues
are specifically phosphorylated by MKK/MEK homologues
distinct from MKK/MEKs 1 and 2, that are responsible for
the activation of the classical p42/44 MAP kinase isoforms.

Initial studies examining the activation of SAPKs involved
the identification of the existence of an upstream activator of
RK/p38 MAP kinase distinct from MKK/MEKs 1/2, initially
termed RK kinase (RKK) [10]. This was developed further
following the independent isolation of a number of mam-
malian cDNA clones for distant but related MKK/MEK ho-
mologues termed SAPK/ERK kinase-1 or SEK1 [26] MKK/
MEK isoforms 3 and 4 [27] and JNK kinase (JNKK) [28]. It
became apparent that SEK1 [26] MKK/MEK4 [27] and
JNKK [28] represented a common mammalian homologue
capable of activating both ]NK and p38 MAP kinase in witro
[26-28] without effect upon the p42/44 MAP kinase iso-
forms. However, these early studies also indicated that al-
though MKK/MEK4 could serve as a dual function kinase,
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activating both JNK and p38 MAP kinase, MKK/MEK3-
mediated activation of p38 MAP kinase could occur inde-
pendently of MKK/MEK4 activation [26-30].

Recent studies have now clarified these initial findings.
Fractionation of sorbitol-stimulated PC-12 cells has illus-
trated the existence of two distinct resolvable SAPK-acti-
vating activities defined as SAPK kinases (SAPKK-1 and 2)
[31] which have been identified as the previously isolated
MKK/MEK4 and 3, respectively [26-28]. In these cells
SAPKK-1 can act as a dual functional kinase, activating
both JNK and p38 MAP kinase whilst SAPKK-2, although
minimally activated, serves as a distinct and specific activa-
tor of p38 MAP kinase, thus supporting the notion of both
concomitant regulation of JNK and p38 MAP kinase by
MKK/MEK4 and selective activation of p38 MAP kinase by
MKK/MEK3 in neuronal cells.

Further studies conducted in other cell types [31, 32], how-
ever, have provided evidence that this subfamily of MKK/
MEK homologues is not restricted to two members alone
and that other upstream activators of JNK and p38 MAP ki-
nase may exist which are regulated in a cell specific manner.
In particular, chromatographic fractionation of human KB
cells following osmotic stress has identified up to five sepa-
rable SAPKKSs including a further predominant activator of
p38 MAP kinase distinct from SAPKK-2, termed SAPKK-3
[31]. This enzyme constitutes the vast majority of p38 MAP
kinase-activating activity in these particular cells and is es-
timated to be up to 10 times more active towards p38 MAP
kinase than that of SAPKK-2 (or MKK/MEK3). Further ex-
periments have defined this isoform of SAPK-activating ac-
tivity to be similar to the recently described MKK/MEK ho-
mologue(s) defined as MKK/MEKSs 6 and 6b, novel specific
activators of p38 MAP kinase [31, 33-36]. This homologue
is highly expressed in many peripheral tissues including
both skeletal and cardiac muscle but is absent from brain.
Thus, MKK/MEKG is likely to be a major activator of p38
MAP kinase in a number of cells of non-neuronal origin.
This is true even in cells where MKK/MEK3 is co-expressed
with MKK/MEKG6 presumably due to the marked differences in
specific activity between the two enzymes [31].

The diversity of the SAPKK activities is not restricted to
the regulation of p38 MAP kinase alone, but extends fur-
ther to the regulation of JNKs. Other novel JNK-activating
activities, immunologically distinct from MKK/MEK4, have
also been identified; they are termed SAPKK-4 and SAPKK-5
[31] and are consistent with similar novel ]NK-activating
activities resolved following chromatography of extracts
prepared from osmotically shocked fibroblasts [32]. Whilst
these activities remain to be characterised and confirmed as
unique MKK homologues, such findings further underscore
the increasing complexity of the upstream regulation and acti-
vation of the SAPK isoforms (see Fig. 3) by diverse dual-
specific activating kinases.

Activation of MKK
Homologues: Phosphorylation by MEKKs

As predicted from the sequential nature of the SAPK path-
ways, the activation of the relevant MKK/MEK/SAPKK ac-
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TABLE 1. Summary of physiological responses putatively initiated by SAPK activation

JNK p38 Functional
Cell type Stimulus activation activation outcome Reference
PC12 NGF-withdrawal Yes Yes Apoptosis [87]
Endothelial Ceramide, Yes ND Apoptosis [15]
environmental
stress
HL-60 Ceramide Yes ND Apoptosis [14]
Jurkat T cells Fas-ligation, Yes ND Apoptosis [84, 86]
v-radiation
NIH 3T3 Carbachol Yes ND Proliferation [16]
GN4 Angiotensin II Yes ND Proliferation [17]
Cardiac Stretch Yes ND Hypertrophy [19]
myocytes
Perfused heart Ischaemia/ Yes Yes Regrowth/repair [21, 22]
reperfusion
Kidney Ischaemia/ Yes No Repair [20]
reperfusion
Monocytes LPS ND Yes 1l-1, TNFa [12]
synthesis
Neutrophils TNFe, LPS ND Yes Apoptosis [91]
Platelets Collagen ND Yes Aggregation [23]
Thrombin ND Yes Activation [80]
Macrophages LPS Yes COX-2/iNOS [90, 91]
induction
L292/HeLa TNFa ND Yes 11-6 synthesis [89]
KB 11-1 ND Yes Glucose [79]
transport

ND = not determined.
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tivity requires its phosphorylation by an upstream kinase
analogous to that of the Raf kinase isoforms that participate
in the classical MAP kinase pathway as MKK/MEK/SAPKK
activators (see Fig. 1). This has been partly elucidated by
the finding that the novel serine/threonine kinase initially
termed MEKK1 functions as an upstream activator of MKK/

MEK4/SEK-1/JNKK [29, 37]. This kinase was originally iso-
lated as a cDNA that encoded a novel Raf/Ste11-like kinase
able to phosphorylate and activate MKK/MEK1 and MKK/
MEK2 in vitro [38, 39] and initially thought to function as
kinase responsible for mediating p42/44 MAP kinase activa-
tion by heterotrimeric G-protein-coupled receptor agonists.
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Phosphorylation motif MAPK homologue

-TPY-- JNK

~TGY-- p38

~TEY- p42/44 MAPK

FIGURE 2. Dual specific Thr/Tyr phosphorylation motifs within
amino acid sequences of MAP kinase homologues.

Further cotransfection studies identified MEKK1 as a strong
activator of MKK/MEK4/SEK-1/JNKK as detailed above
[29, 37]. In this role MEKK1 was also found to participate
in both growth factor and TNF-stimulated activation of
JNK [37]. Moreover, these studies further illustrated that
Raf-1 contributes directly to activation of p42/44 MAP ki-
nase but not to JNK activation, whereas MEKK contributed
to JNK activation but only caused p42/44 MAP kinase acti-
vation following high cellular overexpression [37]. There-
fore, MEKK1 is able to couple functionally the stress agents
to c-jun phosphorylation defined by a MEKKI1/MKK4
(MEK4)/JNK sequential cascade.

More recently the complexity in the regulation of the
SAPK pathways, at the level of MEKK, has been extended
following the isolation of further distinct isoforms of
MEKK, namely MEKKSs 2 and 3 [40]. Cellular expression of
MEKK2 or MEKK3 results in the activation of both JNK
and the classical p42/4 MAP kinase isoforms, but not that
of p38 MAP kinase. Transfection assays further showed that
MEKK?2 preferentially activated ]NK whereas MEKK3 pref-
erentially activated p42/44 MAP kinase [40]. Other MEKK-
like proteins such as MUK related to the mixed-lineage ki-
nases (MLKs), a family of kinases that remain undefined
functionally, can also act as regulators of MKK/MEK4 and
JNK activity [41]. This may further expand the number of
proteins able to regulate the ]NK pathway. However, it is
apparent that there is no significant homology between the
structures of MUK and MEKK, except the well conserved
catalytic domain [41], and therefore MUK itself may be ac-
tive in the capacity of MKK/MEK-activator only under con-
ditions where MEKKs 1-3 are not activated.

The documented inability of MEKKSs 1-3 to regulate p38
MAP kinase activation has raised the obvious question re-
garding the identity of the MEKK-like protein(s) that medi-
ate activation of the parallel and distinct p38 MAP kinase
pathway. One such candidate is the MEKK-like proteins
termed TAK-1, isolated as a novel MEKK that was able to
suppress the transcriptional deficiency of a Ste7 (MKK/
MEK homologue) mutation in the yeast pheromone path-
way [42]. This murine cDNA was found to encode a trans-
forming growth factor B (TGFp)-activated kinase (hence
TAK-1) responsible for mediating transcriptional regula-
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tion. In subsequent characterisation of the assembly and ac-
tivation of the p38 MAP kinase pathway by the novel
MKK/MEK  homologue MKK/MEK6, TAK-1 has been dem-
onstrated to represent the third component of p38 MAP ki-
nase pathway [36]. Thus, functional coupling of stress-acti-
vation of cells to p38 MAP kinase and transcription factor
activation may be defined by a TAK-1/MKK3/6 (MEK3/6)/
p38 MAP kinase sequential cascade (see Fig. 1). Further
characterisation of this protein has led to identification of
novel regulators/activators of this kinase, TAK1 binding
proteins TAB1 and TAB2 respectively [43], therefore ex-
tending the number of components lying upstream of p38
MAP kinase.

At present the relative contribution of each MEKK or
MEKK like protein(s) to activation of individual SAPK
isoforms is unclear. A specific MEKK isoform may regulate
either a single or multiple MKK/MEK homologue(s) de-
pending upon the cellular distribution of the components
of the SAPK pathway and the activating stimuli. Conse-
quently, this may in turn generate significant differences in
both the magnitude and kinetics of SAPK activation in re-
sponse to a given agent.

Upstream of MEKKs: Regulation of
SAPK Cascades by Low Molecular Weight
G-proteins and p21-activated Kinases (PAKs)

By virtue of the role that p21™ plays in the upstream events
initiating activation of the Raf/MEK/MAP kinase pathway
by growth factors [reviewed in 44], much interest has cen-
tred on the role of small molecular weight guanosine 5-tri-
phosphate (GTP)-binding proteins in the stress-related
pathways. This includes not only p21™ itself but also the
members of the Rho subfamily; Rac and Cdc42 [45].

In particular, evidence now supports a role for Rac and
Cdc42 lying upstream of JNK and p38 MAP kinase cascades.
Constitutively active forms of both monomeric G-proteins
have been shown to stimulate the activation of JNK1 [46—
49] and p38 MAP kinase [49, 50], but not p42/44 MAP ki-
nase, indicating a level of specificity in the activation of
each pathway. These signalling molecules are likely to serve
as critical intermediates as dominant negative Rac or Cdc42
have been reported to inhibit JNK and p38 MAP kinase ac-
tivity in response to Il-1 [49], EGF [48, 51] muscarinic re-
ceptor activation and heterotrimeric G-protein By subunit
complexes [47].

Some evidence does support a role for p21™ in the regula-
tion of SAPK activation. It has been found that expression
of constitutively active Ras, Ha-Ras or D12 Ras, results in
increased activity of JNK [37, 46] while JNK activation in
response to EGF is abrogated under conditions of expression
of dominant negative Ras (N17) [37]. However, a number
of these studies use substantial overexpression of Ras or cell
types where Ras function is unusual, thus caution is required
in the interpretation of these results. These findings are fur-
ther complicated due to the potential of functional inter-
relationships between the small GTPases. Ras can activate
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Rac in some cell types [52] and conversely Rac can play a
role in Ras-mediated transformation [53]. Therefore, Ras
activation may functionally precede Rac in the initiation of
the JNK/SAPK cascade [48] and may well be a point at which
the classical MAP kinase and SAPK pathways bifurcate.

Another perplexity, however, is that for some agents
such as TNFa and anisomycin, activation of JNK appears to
be both Ras and Rac-independent [47, 51], suggesting other
mechanisms of transducing signals to downstream interme-
diates of the stress pathways which are independent of the
activation of monomeric G-proteins. Thus, even at this
level within the cascade, considerable divergence is ob-
served and a substantial degree of agonist specificity still ex-
ists in the activation of the pathway.

Although a recent study has now positioned Rac up-
stream of MEKK1 in the JNK cascade in a manner analo-
gous to Ras, a further level of complexity has been identi-
fied. Evidence has also accumulated in support of an
involvement of members of a family of serine/threonine
protein kinases called p21-activated kinases (PAKs), that
are the mammalian homologues of Ste20 in yeast, as inter-
mediates in SAP kinase pathway. Three related enzymes
termed PAK1 («aPAK), PAK2 (yPAK) and PAK3 (BPAK)
[49, 54-56] have been shown to be substrates for, and be-
come activated by, binding to Cdc42 and Rac in wvitro. A
role for PAK in the activation of ]NK and p38 MAP kinase
is indicated by the finding that constitutively active PAK
or PAK1/2 overexpression activates JNK/SAPKa [49, 57,
58] and p38 MAP kinase [50] in a number of cell types. Fur-
thermore, Rac-activated JNK1 is inhibited by the expres-
sion of the PAK1 N-terminal regulatory domain [48] and
activation of JNK and p38 MAP kinase by Il-1, Rac and
Cdc42 is inhibited by dominant-negative catalytically inac-
tive PAK [49, 50]. Both II-1 and the G-protein coupled re-
ceptor agonist, fMetLeuPhe (fMLP), can activate PAK in
vivo [50, 59] and therefore it may emerge that PAK-depen-
dent activation of both JNK and p38 MAP kinase can occur
in response to a number of physiological activators of the
SAPK pathway. Whether PAKSs activate the upstream com-
ponents regulating the stress-activated signalling cascades
such as MEKK is not yet known. However, GTPyS-depen-
dent association of PAK and MEKK1 in Cdc42 complexes
has been demonstrated, and in yeast, the PAK equivalent
Ste20 activates the MEKK1 homologue Stell [60]. Re-
cently, another distinct class of mammalian homologues of
Ste20 distantly related to PAKs have been identified in-

cluding the Germinal Centre Kinase (GCK) and upstream
kinase-1 (UK-1) [61]. GCK, but not UK-1, specifically acti-
vates the JNK pathway. This protein does not appear to re-
quire the involvement of a small molecular weight G-pro-
tein for activation [61] and therefore may function as an
intermediate in the activation of the SAPKs by agents such
as anisomycin or TNF that are known to be monomeric
G-protein independent (see above).

Cellular Targets of the SAPKs

Various intracellular proteins have been identified as po-
tential targets for the SAPKs and includes a number of tran-
scription factors such as c-jun, ATF2, Elk-1 and CREB [4,
62-65]. These factors participate to overlapping extents in
the formation of homo/heterodimer complexes (e.g., c-jun
interacts with c-fos in the formation of the AP-1 complex)
[see 65-70] which regulate increases in gene expression.
Each SAPK may have both specific and common nuclear
targets which will necessarily result in an integrated unique
pattern of transcriptional activity in response to a given
stress stimuli.

As the terminology used in the naming of the SAPKs
would suggest, early studies identified c-jun as a substrate for
JNKs [4]. Phosphorylation occurs at positions Ser 63 and
Ser 73, following binding of ]NKs to c-jun at an adjacent
amino acid sequence within the N-terminus termed the
“delta-region,” and may represent the modifications
required for transactivation [4]. Other substrates activated
transcription factor 2 (ATF2) [62-64], a member of the
cAMP-responsive element (CRE) family of transcription
factors, [68] and the Ets-domain transcription factor Elk-1
[65, 66]. These phosphorylation event participate in the as-
sembly of AP-1 [66, 67], SRE [65, 66] and other complexes
facilitating the transcription of the relevant promoters.

There is also considerable variation in the relationship
between binding and phosphorylation of transcription fac-
tors by JNK. In the case of c-jun and ATF2, their respective
binding interactions with JNK are requisites for their subse-
quent phosphorylation [7, 62, 63], whilst for Elk-1 the ini-
tial binding of JNK to an analogous adjacent ‘“delta-
domain” is not required [7]. Binding of ]NKs to other pro-
teins such as Jun B [7] and c-Rel [71] are not followed by
phosphorylation and these proteins, therefore, may func-
tion as molecular chaperones potentially enabling JNK to
interact with and/or phosphorylate other nuclear targets.
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Like JNK, p38 MAP kinase may also modulate transcrip-
tion events by direct phosphorylation and activation of
transcription factors. One recently described target is
CHOP, a transcription factor of the C/EBP family pre-
viously implicated in cell cycle arrest [72]. However, many
of the transcriptional events stimulated by p38 MAP kinase
may be mediated by the activation of MAPKAP kinase-2,
another direct target of p38 MAP kinase (see above; [I0,
11]). MAPKAP kinase-2 is able to phosphorylate the same
serine residues in both CREB and ATF1 that are targeted
by cyclic-AMP dependent protein kinase (PKA) [73, 74].
CREB is phosphorylated by MAPKAP kinase-2 in vitro and
also in SK-N-MC cells and KB cells following stimulation
with agonists known to activate the p38 MAP kinase path-
way [73, 74]. Moreover, these events are sensitive to block-
ade by SB 203580, a specific inhibitor of p38 MAP kinase
[12, 13], at concentrations similar to those required for inhi-
bition of MAPKAP kinase-2 activity [73, 74]. Therefore,
MAPKAP kinase-2 is likely to regulate the transcription of
those genes whose promoters contain CREs or elements
sensitive to interactions with homo or heterodimers of the
CREB/ATF and AP-1 families [66, 68].

In contrast to studies on gene transcription, there is rela-
tively little information regarding other potential cellular
targets of the SAPKs. MAPKAP kinase-2/3 are known to
phosphorylate Hsp 27 [75-77], a cytosolic protein thought
to stimulate the polymerisation of actin and the subsequent
repair of the actin microfilament that is disrupted following
cellular stress, thereby aiding cell survival [78]. As p38
MAP kinase is believed to participate in the regulation of
glucose transporter function [79] and platelet aggregation
[23], it is reasonable that cytoskeletal proteins or other asso-
ciated intermediates are substrates. Other putative targets
include cytosol PLA; [80] which was previously ascribed to
be a substrate for activated p42/44 MAP kinase [81]. Thus,
many of the previously defined intracellular targets of the
classical p42/44 MAP kinases may require re-appraisal.

Functional Responses Regulated
by Stress-activated Protein Kinases

As the SAPK pathways were elucidated it became apparent
that the agents activating these cascades, in particular
TNEFa, ceramides and UV-radiation, were also well recog-
nised mediators of apoptosis or cell cycle arrest [82, 83].
A strong correlation has now been established between the
activation of JNK and apoptosis induced by diverse stimuli
including ceramides, Fas-ligation and UV and +y-radiation
exposure [14, 15, 84-86]. The use of dominant negative mu-
tants of components of the cascade has confirmed an obliga-
tory role for JNK in cytokine- and ceramide-induced
apotosis in endothelial cells [15], and in neuronal cells where
apoptosis is initiated following serum deprivation [87].
Despite the current dogma, however, not all evidence
supports a role for JNK in apoptosis of cell cycle arrest.
Other studies have shown that while activation of MEKK1
in fibroblasts is required for apoptosis, this response does not
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require functional JNK [88]. Furthermore, there is increas-
ing evidence to support a role for JNK in positive regulation
of cell proliferation [16, 17]. There is an apparent relation-
ship between the activation of G protein-coupled receptors,
by agonists such as All and carbachol, and increases in
DNA synthesis [16, 17]. In non-dividing cells, such as car-
diac myocytes, ]NK activation is linked to hypertrophy [19].
This pathway may also be activated following ischaemia/
reperfusion in both renal [20] and cardiac [21, 22] tissues,
suggesting that the activation of JNK may promote cell sur-
vival via repair and regrowth. Therefore, the activation of
JNK may promote a different proliferative response de-
pending upon both the stimulus and the cell type involved.

Linking p38 MAP kinase activation to a functional re-
sponse has been hampered by lack of information about its
upstream activators or its specific nuclear targets (see
above) which has hindered the development of appropriate
deletion systems. Much of the information which is avail-
able has been derived by the use of the novel compound SB
203580, a specific inhibitor of p38 MAP kinase [12, 13].
Studies utilising this compound have implicated a role for
p38 MAP kinase in inflammatory responses including the
synthesis of I1-1, TNFa [12] and I1-6 [89], and the induction
of enzymes such as COX-2 and iNOS [90, Paul A., Cuenda
A., Bryant C. E., Murray ]., Chilvers E. R., Cohen P. and
Plevin R., unpublished data.]. Additionally, p38 MAP ki-
nase has recently been implicated in the initiation of plate-
let aggregation [23] and in the regulation of glucose trans-
porter function [79]. These events are associated with
changes in the subcellular distribution of proteins and
changes in cytoskeletal function and is consistent with the
original finding that MAPKAP kinase-2 is associated with
adaptive re-arrangement of actin filaments under condi-
tions of heat shock [78].

Less evidence links p38 MAP kinase to cell cycle arrest
than JNK. In PC-12 cells, activation of p38 MAP kinase is
associated with apoptosis following serum deprivation [90].
However, SB 203580 fails to prevent the cytotoxic effect of
TNFa in L929 cells [89] though it enhances the ability of
TNFa to induce apoptosis in human neutrophils [Paul A.,
et al., unpublished data]. This suggests that either p38 MAP
kinase is not involved in promoting apoptosis or is protec-
tive against this process. Recently, the physiological roles of
iNOS and COX-2 have been extended to include both pro-
tection against cell cycle arrest and initiation of apoptosis
in different cell types [Paul A. et al., unpublished data, 92],
thus it is likely that p38 MAP kinase may regulate cell
growth at least by indirect mechanisms through regulation
of expression of these enzymes. Whether p38 MAP kinase
plays a role in cell growth and division per se by directly reg-
ulating transcription events associated with cell division, al-
though very likely, remains to be fully determined.

More importantly, it has been implicated that the bal-
ance between the classical p42/44 MAP kinase and the
SAPK cascades may be critical in determining cellular fate
and this may be true in a number of cell systems. However,
given the lack of consensus regarding the roles of JNK and
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p38 MAP kinase in the regulation of cellular function, it is
likely that a balance exists within the stress-kinase cascades
themselves and that differential activation of each pathway
ultimately determines the functional response and outcome
for the cell.

Summary and Future Perspectives

[t is now apparent that strong evidence exists for a distinct
signal transduction cascade being responsible for mediating
the effects of stress and other forms of related stimuli upon
all cells. Within this cascade there is evidence for multiple
mechanisms of activation of each SAPK pathway by differ-
ent stimuli, specific nuclear targets for each SAPK homo-
logue and the involvement of the SAPKs in a number of
specific cellular functions.

Future studies will undoubtedly address a number of out-
standing issues. There is still a large gap in understanding of
the very early events responsible for the initiation of the
SAPK cascade and the keys points of bifurcation within the
pathways. Immediate studies are likely to focus upon those
events upstream of MKK/MEK6 and the small molecular
weight G-proteins. Other key areas which require investiga-
tion are the roles of MAP kinase phosphatases in the termi-
nation of SAPK signals, “cross talk” regulation of SAPK ac-
tivity by lipid and cAMP-dependent signalling pathways
[93-95], and the potential inhibition of the SAPKs by en-
dogenous non-enzymatic protein inhibitors involved in the
cell cycle [96].

Finally, the identification of novel SAPK isoforms
(SAPK-3) [97], MAP kinase homologues and MKK/MEK
homologues [98, 99, see Figs. 1 and 2] will further increase
the complexity of the regulation of these homologous sig-
nalling cascades and it is likely that several other parallel
cascades will be elucidated. Given the rate of progress in the
study of these pathways, we will not have long to wait until
these existing gaps in our knowledge are filled.
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