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Abstract
This paper summarises how scaffold proteins affects
and regulate the JNK signalling pathway. We believe
that some of these scaffold proteins, by virtue of their
anchoring and catalytic properties contribute to a
high degree of specificity of intra cellular signalling
pathways that regulate the progression through the
cell cycle.

Introduction

The mitogen-activated protein kinase (MAPK) pathway is
one of the more intensely studied signalling cascades; it
was one of the first links made between extracellular sig-
nals and transcriptional activation of early response genes.
The MAPK pathway is known to be involved in the pleio-
tropic response that includes fundamentally different func-
tions, such as proliferation, survival, locomotion and
onset of differentiation (1). MAPKs (also known as Erks)
are regulated by a cascade of protein phosphorylation
where there are three distinct tiers of regulation (Fig. 1).
At the top is MAPK kinase kinase (MAPKKK, also
known as Raf), which is a serine ⁄ threonine kinase and
operates by activating an enzyme at the next tier, which is
a MAPK kinase (MAPKK or Mek). The MAPKKs can
phosphorylate tyrosine as well as threonine residues and
specifically activate MAPKs by phosphorylating a TxY
motif in a vital part of their activation loop, thereby inca-
pacitating the ATP binding site (2). MAPKK activates
MAPK, which is the main effector of signal messages.
Whereas MAPKK displays a high degree of specificity, it
has been observed that MAPKs can phosphorylate a large
number of substrate proteins. Moreover, MAPK not only
phosphorylates cytoplasmic proteins, but has also been
shown to enter the nucleus and phosphorylate transcrip-

tion factors in situ (1). In this way, MAPK directly links
extracellular activation to specific changes in gene tran-
scription and has therefore attracted substantial attention
(3). Figure 1 shows the key scaffold Ste5 in Saccharomy-
ces cerevisiae. It assembles the three tiers of phosphorylat-
ing enzymes into a signalling unit. In yeast, Ste 5 links the
heterotrimeric G protein, Gpa, to Ste1 (MAPKKK), Ste7
(MAPKK) and Fus3 (MAPK) in response to pheromone
activation of the mating receptor GCPR, Ste2 ⁄3. More
specifically, Ste5 can catalytically activate MAPK upon
binding, by inducing autophosphorylation of the threonine
residue in the TxY motif in Fus3 (4).

This archetypical model has since been used to explain
the role of scaffold proteins in mammalian cell signalling
(5,6). Even though it has been difficult to identify mam-
malian homologues of Ste5, a plethora of scaffold proteins
has since been identified (7). In theory, scaffold proteins
play two partly related functional roles. First, scaffold pro-
teins are tools by which cells can maintain a high degree
of specificity in signalling pathways. This is mainly
achieved through co-localization of molecules that partici-
pate in the same signalling pathway in the same area of
the cell. In other words, scaffold proteins increase efficacy
of the pathway as well as ensure a high degree of specific-
ity. Second, scaffold proteins can act as catalysts and
thereby activate different components in the signalling
pathway. Ste5, MP1 (MAPK partner 1), JIP-1 (JNK inter-
acting protein-1), JSAP-1 (JNK ⁄SAPK activating protein
1) and KSR (kinase suppressor of Ras) were the first regu-
latory scaffold proteins that have had a catalytic role
assigned to them (8). By optimizing both these roles, scaf-
fold proteins are also instrumental in regulating positive
as well as negative feedback loops.

Although the anchoring and catalytic roles of scaffold
proteins are judged in the literature as combined entities,
it is reasonable to believe that while they act in concert,
they may well also act indirectly in their anchoring role.
For example, this has been observed in non-MAPK-linked
transduction of intracellular signals where the scaffold
assembles proteins that are parts of the same signalling
chain, to a unit, but where individual molecules do not
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directly act on each other. There are many examples of
pure anchor scaffolds such as NDMA receptor-associated
protein (9), Ina-D (10) and A kinase anchoring proteins
(11). This category also comprises members of the tyro-
sine phosphorylated scaffold proteins, such as cytoplas-
mic domain of the PDGF-receptor, insulin responsive
substrate 1 (IRS-1), T-cell protein linkers for activation of
T cells and Src homology 2 domain, containing leucocyte
protein of 76 kDa (reviewed in (12)).

Nine distinct MAPKs have been described in mamma-
lian cells, namely ERK1 ⁄2, ERK3, ERK4, ERK5, ERK6 ⁄
p38MAPKg, ERK7, ERK8, JNK1 ⁄2 ⁄3 and p38MAPKa ⁄
b ⁄d (13–16). Of these, three groups have been studied in
particular detail, namely ERK1 ⁄2, JNK1 ⁄2 ⁄3 and p38
MAPKa ⁄b ⁄d (reviewed in (17)).

Here, we summarize recent findings on how scaffold
proteins affect and, in some cases, regulate one of these
crucial signalling pathways, the c-Jun N-terminal kinase
(JNK) pathway. We believe that these scaffold proteins,
by virtue of their anchoring and catalytic properties, are
pivotal in maintaining a high degree of specificity in intra-
cellular signalling pathways, that control aspects of the
cell cycle, particularly transition from G1 to S-phase.

Scaffold proteins in the JNK pathway

Five structurally distinct scaffold proteins have been
shown to assemble the JNK signalling unit (Fig. 2). These
proteins contain a variety of protein-interacting motifs and
constitute a family normally referred to as JIPs (JNK inter-
acting proteins). In addition to anchoring a JNK signalling
module, some members coordinate signalling of
p38MAPK modules. The five archetype proteins are JIP-
1, JIP-2, JIP-3 (equivalent of JSAP-1), JNK-interacting
leucine zipper protein (JLP) and plenty of SH3 (POSH).

In addition to these core molecules, several variants, that
are the result of alternative splicing, have been isolated
and characterized (18–26).

JIP-1

JIP-1 was the first JIP to be isolated (27) and transcrip-
tional analysis of adult mouse organs has revealed that it
is expressed at high levels in the brain, at intermediate
levels in testes and kidney and at low levels in muscle and
lung (27). Shortly thereafter, IB1 was identified and
shown to be a splice variant confined to the pancreas,
where it potentiates the Glut2 promoter (28). To avoid
confusion, JIP-1 is sometimes referred to as JIP-1a and
IB1 as JIP-1b. Both isoforms consist of an amino-terminal
JNK-binding domain (JBD), a phosphotyrosine binding
domain (PTB) and a Src homology 3 (SH3) domain. In
addition, IB1 has an extra carboxy-terminal PTB motif
(27,28).

Four MAPKKKs can associate with JIP-1, namely
MEKK3, mixed lineage protein kinase 3 (MLK3), dual
leucine zipper-bearing kinase (DLK) and histidine pro-
tein kinase 1 (HPK1) (Fig. 3). In contrast, only one
JNK-specific MAPKK, MKK7, is capable of interacting
with JIP-1 (24,26). In addition, two phosphatases, both
M3 ⁄6 and MKP7, can bind to JIP-1, albeit at different
sites (29). This finding suggested that JIP-1 controls JNK

Figure 2. The archetypal MAP kinase model for mating response
in budding yeast Saccharomyces cerevisiae.

Figure 1. Primary structures of scaffold proteins involved in JNK
signalling. Schematic representation of domain structures of JIP1,
IB2 ⁄ JIP2, JSAP-1 ⁄ JIP3, JLP and POSH oriented from amino (N) to car-
boxy (C) termini. Predicted domains were obtained from the human ver-
sion of these proteins in the ensembl database. One representative from
each protein family is shown, not their isoform variants. The JNK bind-
ing domains were experimentally determined in vitro.
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activation by balancing a MAPKKK-driven activating
phosphorylation loop against an inhibitory, attenuating
phosphatase feedback mechanism (29). Earlier data have
also suggested that JIP-1 is involved in the Rho signal-
ling pathway as JIP1 binds to the p190-RhoGEF mole-
cule in differentiated neurons (30). Considering recent
data concerning the small GTP-binding protein RhoA
that regulates c-Jun by a ROCK-JNK signalling axis,
it is tempting to propose a more direct role for JIP-1.
(31). The related JIP-1b molecule has been suggested
to be involved in pathogenesis of Alzheimer’s disease
(32). Unlike JIP-1a, JIP-1b is required for Alzheimer’s
beta-amyloid precursor protein (APP) to interact with
JNK, thereby providing the necessary scaffold for devel-
opment of beta amyloid plaques that are hallmarks of
Alzheimer’s (33).

JIP-2

JIP-2, which in many ways resembles JIP-1, consists of a
defined JNK-binding motif, a PTB domain and an SH3
motif (26,34). In the human adult, its coding gene is
expressed in a variety of organs including brain, ovary,
pancreas and prostate (26). Interestingly, its interacting

role is much wider than that of JIP-1. It is now clear that
the JIP-2 molecule can interact, not only with JNK1 and
JNK2 as expected, but also with p38MAPK (35,36).
However, like JIP-1, JIP-2 specifically uses MKK7 as its
MAPKK and cannot bind MKK4. Like JIP-1, the MAP-
KKKs that interact with JIP-2 include DLK and MLK3.
However, JIP-2 can also utilize MLK2 as its MAPKKK
(26,34,36) (Fig. 4).

JIP-3 (JSAP-1)

JIP-3 was originally identified as a JNK ⁄ stress-activated
protein kinase-associated protein (JSAP-1) that bound to
JNK1 as well as to JNK3 (18,37). It differed in structure
from JIP-1 and JIP-2, notably in that it was devoid of an
SH3 domain and instead included a leucine zipper
domain. This motif greatly enhances the capacity to form
heterodimers, which makes it useful in combinatorial con-
trol of cellular processes. JIP-3 can bind all three JNK
molecules, JNK3 with the highest affinity (37). It can
associate with either of two MAPKKs, namely MKK4
and MKK7. JIP3 is also capable of binding three different

Figure 3. Scaffolding role of JIP-1 in JNK activation.

Figure 4. Scaffolding role of JIP-2 in p38 and ⁄ or JNK activation.
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MAPKKKs: MEKK1 (18), MLK3 (37) and activator of
S-phase kinase (38) (Fig. 5). JIP-3 exists in four different
splice variants (39). Interestingly, all forms are expressed
in brain tissue, but each of the four variants shows a differ-
ent expression pattern in other organs and it has been pro-
posed that different isoforms play a crucial role for
recruitment of JNK1, 2 or 3 with a high degree of tissue
specificity.

It was discovered at an early stage that JIP-3 is
involved in the ERK signalling pathway by binding Raf-1
and MEK1 (18). Interestingly, these different kinase mod-
ules are inversely controlled, in that JIP-3 expression
increases JNK activity, but decreases ERK signalling, pos-
sibly by cleaving Raf-1 and MEK from the ERK module
(40. Apart from acting as a scaffold for the classical MAP
kinase modules, JIP-3 is capable of forming complexes
with focal adhesion kinase (FAK) (41) and serves as a
cooperative scaffold for activation of JNK in regulation of
cell migration in response to fibronectin stimulation. JIP-3
has been shown to mediate association between FAK and
JNK, induced either by co-expression of Src or by attach-
ment of cells to fibronectin (42). Complex formation of

FAK with JIP-3 and p130 Crk-associated substrate
(p130Cas) results in increased FAK activity and phos-
phorylation of JIP-3 and p130Cas, which require p130Cas
hyperphosphorylation and is abrogated by inhibition of
Src (42). JNK activation by fibronectin is enhanced by
JIP-3, which is suppressed by disrupting the FAK ⁄p130-
Cas or by Src inhibition (42). Cell migration studies have
revealed that JIP-3 co-localizes with JNK and phosphory-
lated FAK at the leading edge. Migration per se is stimu-
lated by JIP-3 expression, which depends on its JNK-
binding domain and is suppressed by inhibition of JNK
(42).

A further interesting aspect of the multifaceted JIP-3
scaffold protein is its association with Toll-like receptors
(TLRs) (43). TLRs recognize pathogen-specific molecular
motifs and induce a response involving MAP-kinases.
JIP-3 associates with the N-terminal region of TLR4,
which is specific to JIP-3; JIP-1 and JIP-2 are unable to
bind to TLR4. JIP-3 increases formation of TLR4-JNK
complexes, but it was clearly demonstrated that intact JIP-
3 molecule is required to elicit this response. Moreover,
JIP3 was found to be associated with TLR2 and TLR9,
but not with TLR1 and TLR6, indicating a pivotal role for
this scaffold protein in TLR signalling (43).

JLP

JNK-interacting leucine zipper protein is the latest mem-
ber of the family of JNK-interacting proteins to be
described (22). JLP exists in two splice variants, JIP-4 and
sperm-associated antigen 9 (SPAG9) (20,21) that share
common 3¢ exons, but differ in the 5¢ region. JIP-4 and
SPAG9 show fundamental differences in organ expres-
sion. JIP-4 is mainly expressed in the brain, heart, liver,
kidney and testis, whereas SPAG9 is only expressed in
haploid germ cells during spermatogenesis. JLP has leu-
cine zipper domains as well as a C-terminal highly homol-
ogous with JIP-3 (22). JLP contains three sulphydryl
binding sites and also interacts with two transcription fac-
tors, Myc and Max; it was also shown that these two pro-
teins have distinct binding domains on the JLP molecule
(22). JLP is involved in JNK signalling as well as in p38
signalling, although one of the splice variants, SPAG9,
only interacts with JNK 1, 2 or 3 but not with p38. The
interacting sites of JNK1 and p38MAPK are quite distinct
and it has been proposed that JLP in fact can tether both
kinases. The observation that MKK4, which is an MAP-
KK that binds to JLP, can stimulate both pathways is
intriguing and sheds further light on this interesting scaf-
fold protein (44,45) (Fig. 6).

Another unique feature is that JLP is the first scaffold
protein shown to link a heterotrimeric G protein to a MAP
kinase module. JLP therefore has been considered to be

Figure 5. Scaffolding role of JSAP ⁄ JIP3 in ERK and ⁄ or JNK
activation.
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the mammalian equivalent of yeast Ste5. Recent evidence
suggests that JLP binds alpha subunits of the G12 family
of heterotrimeric G-proteins (45,46). The motifs that bind
Ga12 or Ga13 have been mapped to the C-terminal region
of JLP molecule. Recently, the link between Ga13 binding
and endodermal differentiation by JNK, in embryonal car-
cinoma cells has been established, which adds another
interesting regulatory role to the repertoire of this scaffold
protein (45). Finally, it has been suggested that JLP is also
involved in spatiotemporal regulation of JNK signalling
by associating with the kinesin light chain 1 (KLC1) (44).

Others

Plenty of SH3, POSH, was first identified as a Rac-1 inter-
acting protein (23) and has been recently found to form
complexes with JIP-1, and thus, is an important prerequi-
site for the JNK apoptotic pathway (47) (see below).
Moreover, it was shown at an early stage that MEKK1 in
itself can act as a JNK signalling pathway scaffold (48).
MEKK1 binds MKK4 and JNK without any other scaf-
fold protein involved (48). Finally, a marginal scaffolding
role can be attributed to Beta-arrestin 2 during transduc-
tion of G protein-coupled receptor signalling (49).

JNK signalling and scaffold proteins in apoptosis

Although there is no immediate reason to believe that
there is co-regulation of growth factor and scaffold protein
gene expression, some data regarding this matter have
been published recently. In the study reporting the discov-
ery of the first JIP-1, it was shown that in vivo expression
in adult mice differed grossly between organs (27). It was
subsequently shown that these differences were less evi-
dent in the mouse embryo (50), thus differences in expres-
sion pattern pointed at some role for JIP-1 in control of
growth and development. It has been known for some
time that insulin-like growth factor 2 (IGF 2) is among the
most prevalent factors promoting growth of the mamma-
lian embryo (see 51,52,53,54). By examining JIP-1 gene
expression in transgenic mice that were heterozygous for
a functional Igf2 gene, it was possible to show that abro-
gation of IGF 2 expression was followed by decreased
expression of JIP-1 (50). Moreover, when expression pat-
terns of genes coding for JIP-1 and IGF 2 were examined
in primary tumours of embryonic origin (germ cell
tumours and Wilms’ tumour), it was found that irrespec-
tive of histological type, the two genes showed a high
degree of co-variation, in the sense that high IGF 2
expression was followed by high expression of JIP-1 (55).

A slightly different pattern emerged when a Wilms’
tumour cell line came under scrutiny. It had been previ-
ously reported that insulin-like growth factor can induce
apoptosis in the Wilms’ tumour cell line WCCS-1 (56).
While this cell line had very low levels of intrinsic IGF 2
expression, it was found to display a level of JIP-1 expres-
sion that was comparable with that of normal kidney (57).
When exposed to physiological concentrations of IGF 2,
WCCS-1 cells underwent apoptosis and also significantly
increased their JIP-1 expression (57).

These data suggest that decrease in JIP-1 expression in
Wilms’ tumour cells may in some way, be linked to onset
of apoptosis. It may also help explain why growth factor
addition in this case acts to induce programmed cell death.
All MAPK pathways have been implicated in regulation
of apoptosis. More than a decade ago, it was shown that
withdrawal of NGF from PC12 cells resulted in apoptosis
and that this effect was mediated via activation of JNK
(58). However, a number of studies has since shown that
MAPK pathways can either stimulate or inhibit apoptosis
(reviewed in (59)). In MKK-4 knockout mice, it seems
clear that JNK plays a protective role as these mice dis-
play increased rate of liver cell apoptosis (60). Survival
signals ascribable to JNK are probably mediated by JunD,
which in turn enhances transcriptional activity of numer-
ous survival genes (61). In other systems, JNK has been
implicated as a proapoptotic factor. JNK has been shown
to phosphorylate the proapoptotic BH3 domain proteins,

Figure 6. Scaffolding role of JLP ⁄ JIP-4 in p38 and ⁄ or JNK
activation.
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Bim and Bmf, that are normally sequestered, by binding
to myosin and dynein (62). JNK-induced phosphorylation
releases these two proteins thereby initiating in mitochon-
dria, facilitation of Bax-dependent apoptosis (62). More-
over, JNK can phosphorylate and activate BAD, thereby
coupling a stress-activated signalling pathway to apopto-
sis (63). Another proposed role for JNK in promoting
apoptosis is by inactivating protective proteins. Such
targets include Bcl-X and Bcl-2 (64,65) and it appears that
this process depends upon Bax (66).

Interleukin 1-beta acts as a proapoptotic stimulus in
pancreatic islet beta cells (67). However, this activation
process is paralleled by decrease in JIP-1b expression
(67). Conversely, overexpression of JIP-1b significantly
inhibits IL-1 beta-induced apoptosis (68). Presumably,
pancreatic beta cells may constitute a special case where
variations in JIP-1b expression regulate susceptibility to
cytokine-induced apoptosis, irrespective of JNK signal-
ling (69).

More recently, another JNK signalling scaffold pro-
tein, POSH, has been found to link active, GTP-bound
Rac1 to downstream JNK in an apoptotic pathway (70).
Moreover, POSH interacts directly with JIP-1 and
Kukesov et al. (47) were able to demonstrate that POSH-
JIP-1 complex is specifically involved in the apoptosis
inducing process. Both POSH and JIP-1 can indepen-
dently interact with members of all three MAPK tiers.
However, the direct link between POSH, JIP-1 and JNK
provides us with an interesting possibility to explain how
scaffold proteins contribute to the apoptotic pathway.

Functional evaluation of JNK-interacting scaffold
protein in vivo using mouse gene knockout models

In vitro and cell culture studies have elucidated specific
interactions between scaffold proteins and signalling mol-
ecules. Cell processes dependent upon these interactions,
such as apoptosis and differentiation, have been subse-
quently identified. In vivo studies have also proved valu-
able both for validation of these findings and more vitally,
for revealing their physiological relevance in mammals by
discovering the functional importance of these interactions
and processes during development, and in maintenance
and correct functioning of adult tissues.

Mouse gene knockout models have been made and
analysed for several JNK-interacting scaffold genes
including JIP-1 (Ib1), JIP-2, JSAP1 (JIP-3) and JLP.
Because of the multiple protein–protein interaction
domains present on each scaffold protein and overlap
between sets of kinases and other molecules interacting
with individual scaffold proteins, some degree of func-
tional redundancy might be anticipated. Indeed, single
JNK gene knockout mice have no apparently different

phenotype, whereas combined knockout of JNK1 and
JKN2 results in an embryonic lethal phenotype in which
the neural tube fails to close due to defective regulation of
apoptosis (71). Nevertheless, individual JNK-interacting
scaffold gene knockout mouse models have revealed dis-
tinct functions in specific tissues and cell types during
development and in adults. All the reported mouse JNK-
interacting scaffold knockout models involve similar strat-
egies based on deleting part of the relevant scaffold gene
and its replacement with a pGK promoter-driven neomy-
cin resistance gene cassette.

JIP-1 knockout mice

At least three independent Jip-1 knockout mouse models
have been made in which the genetic modification is simi-
lar, including deletion of sequences encoding the JNK
binding domain, yet the severity of changes reported in
the homozygous phenotypes are very different from each
other. Despite this, all three models support the same con-
clusion, that levels of JIP-1 govern JNK-mediated apopto-
sis of neurons after brain insult. In one model (72),
homozygous deletion of coding exons 3–8 of the mouse
JIP-1-encoding gene resulted in embryonic lethality. This
was observed very early, in pre-implantation embryos,
despite presence of Jip-1 transcripts in both eggs and sper-
matozoa, taken to indicate a requirement for de novo Jip-1
transcription in development of the zygote. However, in
another Jip-1 knockout model deletion of only exon 3
(73) and a later one, deletes sequences encoding the N-ter-
minal half of JIP-1 (74). In these two models, homozygote
knockout mice were viable and fertile and appeared nor-
mal at a gross level. The reason for this discrepancy with
the Thompson et al. (72) model remains unknown.
Thompson’s genetic modification was maintained on two
different mouse genetic backgrounds, C57 ⁄BL6 and 129
SvJ, and embryonic lethality was associated with both
strains. Whitmarsh et al. (73) and Im et al. (74) each
maintained their genetic modifications on a C57Bl ⁄6
strain background, and Im et al. also mention their use of
129 mice but do not report any result from these animals.
Thus, the reason for different reported phenotypes cannot
be readily attributed to the use of different strain back-
grounds, although the homozygous animals studied by Im
et al. (74) were generated after 6–7 generations of back-
crossing to the C57 ⁄BL6 strain, whereas homozygous ani-
mals studied by Thompson et al. (72) were generated
after only three generations of backcrossing to the same
strain. It seems more likely that different targeting strate-
gies used by each group could explain the different pheno-
types, but further studies are needed to clarify this. For
instance, it is not clear whether truncated JIP-1 protein
might be produced from any of the modified alleles. How-
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ever, it is also worth noting that mutant mice used in
Thompson et al.’s study (72) were derived from a single
targeted ES cell clone and it cannot be excluded that a
spontaneous mutation in these cells might contribute to
the observed embryonic lethal phenotype.

Experiments on Jip-1) ⁄ ) knockout mice used middle
cerebral artery occlusion to induce brain ischaemia (74)
or kainate injection to induce excitotoxic seizures in the
hippocampus (73). In both cases, treatment of wild-type
mice caused an increase in JIP-1 levels and induction of
activated JNK, followed by cell death by apoptosis, in
the brain region studied. In contrast, homozygous
knockout mice showed either no induction of activated
JNK (73) or only a short-lived activation (74), followed
by smaller infarcts or lesions containing fewer apoptotic
cells than in the wild-type mice. Mice heterozygous for
the Whitmarsh and Im Jip-1 knockout alleles are com-
parable with wild-type mice in these experiments. In
addition to neurites in the hippocampus, JIP-1 is found
in pancreatic islet b cells. Interestingly, pancreatic mor-
phology and function are normal in Jip-1 knockout ho-
mozygotes (73).

These results demonstrate that stress-induced JNK-
mediated apoptosis is dependent upon JIP-1, but only in
the brain. Heterozygous Jip-1+ ⁄ ) mice made by Thomp-
son et al. (72) were also used for a similar kainate-based
excitotoxic stress experiments (75). These mice had sig-
nificantly lower levels of JIP-1 protein in the hippocam-
pus compared to wild-type mice. In this case, treatment
with kainate failed to upregulate JIP-1 levels appreciably
in heterozygotes, yet activation of JNK occurred. Con-
trary to homozygous knockout results, excitotoxic stress
of these heterozygotes resulted in increased apoptosis in
the hippocampus in comparison to wild-type mice, sug-
gesting that JIP-1 can have a neuroprotective effect.
Although these results seem contradictory, it is suggested
that while low JIP-1 levels in Thompson’s heterozygotes
were insufficient to inhibit JNK signalling after brain
insult, an absolute absence of JIP-1 (as in Whitmarsh and
Im’s homozygotes) was unable to activate JNK. There-
fore, it is proposed that such exquisite modulation of JIP-
1 levels can result in either induction or inhibition JNK
activation.

JSAP1 (JIP-3) knockout mice

Several Jsap1 knockout mouse models have been
reported. In one, exon 1 is deleted (76), whereas another
has a larger deletion of DNA sequence encoding the N-ter-
minal part of the protein, including the leucine zipper pro-
tein interaction domain (77). In both cases, no JSAP1
protein was detectable, using Western blotting, in homo-
zygous Jsap1 knockout embryos. Embryonic develop-

ment in these animals appeared to be normal, but
homozygous Jsap1 knockout pups died during the first
day after birth, apparently from inability to breathe prop-
erly. Neonatal death was attributed to lack of JSAP1 neu-
ronal function by studies of a later conditional Jsap1
knockout model. In this model, double transgenics homo-
zygous for floxed exons 3 and 4 of the Jsap1 gene and
carrying a nestin promoter-driven cre transgene, gave rise
to neuron-specific Jsap1 deletion (78). The phenotypes of
the conditional and conventional knockouts were essen-
tially the same.

Jsap is expressed predominantly in neurons and neu-
roendocrine cells. A very detailed histological brain analy-
sis was performed comparing homozygous Jsap1
knockout mice with wild type and heterozygous litter-
mates, at embryonic day 18.5 (77). This showed that axon
guidance had failed in the telencephalic commissures, for-
nix and optic nerve tract of homozygotes giving rise to
subtle morphological abnormalities in the brain. Neuron
axon tracts in these regions had high levels of activated
JNK in wild-type control mice, whereas only low levels
were found in homozygous knockouts indicating that JNK
activation here was dependent on JSAP1. Interestingly,
transgenic PDGF promoter-driven Jip-1 (Tg-Jip-1)
expression rescued these morphological phenotypes to
some extent, although Tg-Jip-1 ⁄ Jsap1) ⁄ ) mice still died
on the day of birth. Jsap1 homozygous knockouts also
had defective axon guidance in anterior regions of the
thalamus and hippocampus, aberrant migration of cells in
the cortical plate and disrupted axonal transport. These
phenotypes were not rescued by expression of the Tg-Jip-
1 transgene. Differences in rescue could reflect availability
of protein binding partners common to JIP-1 and JSAP1,
in different brain regions.

JLP knockout mice

Reported Jlp knockout involves deletion of the Jlp pro-
moter and exon 1 (79). Despite in vitro studies suggesting
roles for JLP in endodermal differentiation and cell migra-
tion, homozygous Jlp knockout mice have shown that JLP
is indispensable only in later stages of sperm develop-
ment. In comparison to wild-type mice, male fertility,
sperm number and sperm function in the ‘‘swim up’’ test
were shown to be reduced in homozygous knockouts. Fer-
tility of male jlp+ ⁄ ) heterozygotes did not differ from wild
types, although it was not shown whether JLP protein lev-
els were altered in the spermatids of this group. In wild-
type mice, JLP is expressed in a variety of organs, most
strongly in the testis (79). Interestingly, no activated JNK
could be detected in testes of homozygous knockouts,
whereas activated JNK levels in the brain did not differ
from heterozygotes or wild-type mice suggesting that
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JNK activation is dependent upon JLP specifically in
sperm development.

Genetically modified mouse models have proved that
JNK scaffold proteins have distinct, essential functions
in mammals. In addition to validating previous findings
from cell culture and in vitro experiments, studies of
JNK scaffold gene knockout mice have identified inter-
esting questions concerning degeneracy and compensa-
tory mechanisms between JNK scaffold proteins in vivo.
In particular, it is notable that JNK scaffold gene knock-
out models have phenotypes corresponding to only a
subset of the tissues in which the genes are normally
expressed. Analysis of altered expression of downstream
target genes in the knockout models will elucidate how
deletion of each JNK scaffold gene causes its corre-
sponding distinct phenotype. These models have shown
an essential role for these genes both in mammalian
development and in regulation of stress-induced neuronal
apoptosis.

Conclusions

The pivotal role of scaffold proteins in mediation of
intracellular messages is now firmly established. By
tethering individual pathway components together, dif-
ferent pathways can be insulated from one another. This
becomes particularly useful when single components are
used alternatively in different pathways, as was first
shown for Ste11 in the MAPK pathway in S. cervisiae.
Moreover, scaffold proteins can establish connections
between pathways and help to distribute signals (17).
This is observed, for example, when large signalling
complexes are formed around tyrosine kinase receptors.
Signal fluxes are optimized when scaffold proteins pro-
mote a more efficient use of local components and force
them to interact. Some early mathematical modelling of
the ERK pathway supports this hypothesis (80). In the
ERK pathway, scaffolds can overcome double phosphor-
ylation into an ordered sequence of events. This thresh-
old mechanism has been used to explain why
mammalian cells are not ultrasensitive to external sig-
nalling. The other side of the argument is that, in the
presence of an excess of scaffold protein over its bind-
ing components, an incomplete complex will form and
signalling will be obscured.

More recent modelling data suggest that depending on
cellular conditions, spatial organization of kinases on scaf-
fold proteins can either enhance or inhibit signal propaga-
tion through a kinase cascade. Specifically, scaffolds
enhance signal propagation when prevailing conditions
would lead to attenuation. Conversely, scaffolds inhibit
propagation of signals that would otherwise be greatly
amplified (81). In other words, scaffolds allow for con-

trolled levels of signals that are delivered at appropriate
times (82).

Another function of scaffold proteins is to organize
spatial arrangement in signalling pathway architecture.
Early data have demonstrated that the KSR scaffold com-
plex is formed at the cell membrane (83), whereas MP-1
scaffold complex that contains MEK-ERK, is formed at en-
dosomes through binding to an endosomal protein p14
(84). Using different scaffold proteins, the cell can arrange
for signalling proteins to be distributed to different cellular
compartments. Experimental data to support this notion
come from the EGF receptor, where receptor internaliza-
tion kinetics suggest that endosomal signalling is predomi-
nant at low growth factor levels (85,86). The data also
suggest that the MEK-ERK complex acts as a sensor for
EGF concentration. The difference in time required for
receptor internalization and endosomal compartmentaliza-
tion can thus account for two different activation phases. In
addition, subcellular localization of JNK-MAPK scaffolds
has been implied in regulation of cell locomotion (87).
Some recently published data have shed some further light
on the compartmentalization issue. Blanco et al. (88) has
shown that the activity of JIP-1 ⁄ JNK complexes in vivo
can be efficiently down-regulated by interleukin-1 beta. In
this situation, vaccinia-related kinase (VRK2), an enzyme
with different subcellular localization from IL-1 beta, inter-
acts stably with JIP-1, TAK1 andMKK7 but not with JNK.

Thus, scaffold proteins can use both positive and neg-
ative signals to control and use different MAPK signalling
components. Moreover, scattered data suggest that scaf-
fold protein JIP-1 can play a dual role in the apoptotic pro-
cess including in vivo. Interestingly, POSH-induced
apoptosis can be efficiently counteracted by concomitant
expression of serine ⁄ threonine kinase, Akt (89). More-
over, mutated POSH unable to bind Akt leads to increased
activation of the JNK pathway (90). The relationship
between Akt and JIP-1 adds to the complexity of the pic-
ture as JIP-1 increases Akt kinase activity in a dose-
dependent fashion (91). Conversely, a negative feedback
from loop has been identified, in that Akt could be dissoci-
ated JIP-1 during metabolic oxidative stress when JIP-1
has been proposed to act as a negative regulator (92). Con-
tradictory as it may seem, the general framework is now
firmly established, however, many details concerning pre-
cise interaction between different related molecules
remain to be elucidated.
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