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Two general mechanisms have evolved for the rapid and accurate trans-
mission of signals from cell-surface receptors to the nucleus, both involving
protein phosphorylation. One mechanism depends on the regulated trans-
location of activated protein kinases from the cytoplasm to the nucleus,
where they phosphorylate target transcription factors. In the second mech-
anism, transcription factors are kept in a latent state in the cytoplasm and

are translocated into the nucleus upon activation.

Introduction Protein kinase A and CRE-binding proteins

The gene expression repertoire of a cell is constantly
modulated by a variety of extracellular stimuli. Excluding
those signals delivered by small lipophilic molecules that
cross the plasma membrane and allosterically affect lig-
and-binding transcription factors, a common way that
transcription-factor activity is regulated in both prokary-
otes and eukaryotes is by protein phosphorylation. Pro-
tein phosphorylation appears to be the post-translational
modification of choice for situations where rapid modula-
tion of transcription-factor activity is required in response
to signals that are perceived by receptors situated at the
cell's surface.

Whereas in prokaryotes the modification of transcription
factors in response to cell surface receptor activation is
facilitated by the membrane attachment of bacterial tran-
scription complexes, in eukaryotes the nuclear mem-
brane and relatively large cell size constitute considerable
obstacles to communication between the cell surface and
the nucleus. During the past several years, the basic prin-
ciples that govern the transmission of such information
have emerged, and these are the subject of the present
review.

Instead of providing an exhaustive review of all the rele-
vant transcytoplasmic signalling pathways and the affected
transcription factors, we shall restrict our discussion to a
small number of well developed experimental systems
that illustrate the mechanisms of communication
between the surface of a eukaryotic cell and its nucleus.
For a discussion of the basic mechanisms by which pro-
tein phosphorylation modulates the activities of tran-
scription factors, please refer to an earlier review [1].

One of the simpler modes of signal transmission from sur-
face receptors to the nucleus is illustrated by proteins that
bind to DNA sequences known as cAMP-response ele-
ments (CREs); these are known, naturally enough, as
CRE-binding proteins (CREBs). The activation of cer-
tain G-protein-coupled receptors causes a build up of
intracellular cAMP. The binding of cAMP to the regula-
tory subunit of the tetrameric protein kinase A (PKA) lib-
erates its catalytic subunit, which then translocates to the
nucleus [2]. Once in the nucleus, the PKA catalytic sub-
unit phosphorylates CREB - which is thought to bind
constitutively to functional CREs upstream of certain,
cAMP-regulated genes - on residue Ser 133, thereby
stimulating its ability to activate transcription [3]. PKA
also stimulates the transactivating potential of the related
protein CREM (CRE modulator) by phosphorylation at
a similar, functionally equivalent, site [4].

It is not yet clear which genes are affected by CREB and
which are affected by CREM, as both factors recognize
the same CREs. Phosphorylation of Ser 133 greatly
enhances the affinity of CREB for a large nuclear pro-
tein, termed CREB-binding protein (CBP), and thus
may facilitate the recruitment of CBP, which does not
bind DNA by itself, to the promoter region [5]. As
microinjection of anti-CBP antibodies blocks CRE-
mediated gene activation, the binding of CBP to CREB
(and possibly CREM) is essential for transcriptional acti-
vation [6]. Overexpression of CBP modestly potentiates
gene activation by phospho-CREB [6,7].

Once recruited to the promoter region, CBP is proposed
to activate transcription by interacting with the general
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transcription factor TFIIB [7]. Thus, CBP is thought to
act as an adaptor that bridges between phospho-CREB
(and other phosphorylated transcription factors, such as
c-Jun [6]) and the transcriptional machinery. It was
recently noticed that CPB is highly similar to the p300
E1A-binding protein [8], which is also known to be
capable of activating a gene upon recruitment to the
gene's promoter [9]. In fact, CBP and p300 were shown
to be interchangeable in their ability to interact with
CREB, and the co-activation function of both is
repressed by E1A [9,10]. These findings explain the
known ability of E1A to interfere with cAMP-mediated
gene activation [11].

Information transfer by mitogen-activated
protein kinase cascades

A more complex mechanism involving the activation of
protein kinase cascades is used to transmit signals from
growth-factor receptors to the immediate-early genes -
genes induced by a stimulus in the absence of de novo
protein synthesis - that are regulated by transcription
factors such as ternary complex factor (TCF)/Elk-1 and
AP-1. The major function of these cascades is to activate
members of the mitogen-activated protein kinase
(MAPK) family of serine/threonine protein kinases, and
downstream protein kinases such as ribosomal S6 kinase
(RSK or MAPKAP kinase-1) and MAPK-activated pro-
tein kinase-2 (MAPKAP kinase-2) [12,13]. These cas-
cades are activated by a large number of extracellular
stimuli, including mating pheromones and osmotic stress
in yeast [14], cell-cell interactions in Drosophila [15], and
mitogens [16,17], cytokines [13,18-21], and UV irradia-
tion and other stresses [12,18,22-26] in vertebrates.

Currently, three distinct MAPK cascades are known in
vertebrates, but it is possible that additional examples will
be found, as there are known to be at least four MAPK
pathways in the budding yeast, Saccharomyces cerevisiae. In
vertebrates, the target MAPKs are the extracellular sig-
nal-regulated kinases (ERKs), the Jun N-terminal kinases
(NKs)/stress-activated protein kinases (SAPKs), and the
p38/Mpk2/cytokine-suppressive anti-inflammatory drug
binding protein (CSBP; related to the S. cerevisiae kinase
Hoglp). In each case, the MAPKs are activated in
response to activation of a dual-specificity MAPK kinase
(MAPKK). The activating MAPKKs phosphorylate their
target MAPKs on conserved threonine and tyrosine
residues, which are separated by an intervening amino
acid that is characteristic for each MAPK family
[12,14,16,18,20-22,25,26].

The upstream MAPKKs and MAPKK kinases (MAP-
KKKs) are distinct for each pathway and, although some
crosstalk may be possible, specificity could be ensured by
association of the protein kinases in each pathway with a
scaffolding protein [27]. A cascade of three or four protein
kinases, in theory, should provide a considerable degree of
amplification of low-level surface signals, greatly increasing

the sensitivity of the response. However, the possible exis-
tence of scaffolding proteins suggests that the protein
kinases within any given cascade interact stoichiometri-
cally, at least during the activation process, thereby limiting
signal amplification while gaining specificity.

Upon activation, members of the ERK group of MAPKs
and the RSK group of MAPKAP kinases translocate from
the cytoplasm to the nucleus [28-30]. Regulated nuclear
translocation upon activation of JNK1 has also been
observed recently (M. Cavigelli, E Dolfi and M.K.,
unpublished data). The MAPKKK and MAPKK - Raf
and MEK, respectively - that operate upstream of the
ERKs remain in the cytoplasm when activated [29-31].
Once in the nucleus, the ERKs phosphorylate several
substrates including TCF, the transcription factor that
mediates c-fos induction [32,33]. Although the available
data are most consistent with the nucleus being the site of
TCF phosphorylation, at present cytoplasmic phosphory-
lation followed by rapid nuclear transfer, although rather
unlikely, cannot be excluded. Genomic footprinting sug-
gests that TCF (or another factor binding to the same site)
binds constitutively to the serum response element (SRE)
of the c-fos promoter, forming a ternary complex which
also includes SRF (SRE-binding factor) [34]. The most
parsimonious mechanism of TCF activation, therefore, is
one in which phosphorylation occurs within the nucleus
while TCF is already bound to DNA.

Following mitogenic stimulation, TCF is phosphorylated
on a cluster of serines near its carboxyl terminus [33,35].
The kinetics of TCF phosphorylation are rapid, and phos-
phorylated protein with altered electrophoretic mobility
can be detected within 5 minutes [33]. Consistent with its
constitutive binding to the SRE, phosphorylation of TCF
potentiates its transactivating function, and the region
containing the phosphorylation sites functions as a mito-
gen-responsive activation domain [33,35]. In addition,
although phosphorylation of TCF does not affect its
DNA-binding activity under conventional binding condi-
tions, under stringent conditions TCF phosphorylation
facilitates formation of TCF-SRF-SRE complexes in
vitro, possibly because phosphorylation increases TCF's
propensity to interact with SRF [32,35]. Although phos-
phorylation may stabilize the SRE-bound ternary com-
plex, it is not expected to affect the apparent occupancy
of the SRE. In this respect, it should be noted that SRF is
rapidly phosphorylated by RSK upon mitogenic stimula-
tion on a site that enhances its affinity to the SRE [36]. As
the SRE is constitutively occupied, however, the contri-
bution of this event to c-fos induction is not clear.

In vitro, the sites that stimulate TCF activity are effi-
ciently phosphorylated by ERK1 and ERK2 [35], and
in-gel kinase assays identify two growth-factor-activat-
able TCF kinases, the sizes of which match those of
ERK1 and ERK2 [33]. Furthermore, overexpression of
catalytically-inactive mutant forms of ERK1 and ERK2
attenuates c-fos promoter activation by mitogenic signals
[37]. However, it remains to be shown that these mutants
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molecularly cloned. Like the ERKs, to which they are
40 % identical, the JNK/SAPKs can be activated by
growth factors, through a pathway dependent on Ras but
not Raf [38]. JNK/SAPKs are, however, even more
responsive to stressful stimuli, such as ultraviolet (UV) irra-
diation, protein synthesis inhibitors, TNF(x and agonists of
certain G-protein-coupled receptors, which have only a
small effect on ERK activity [18,20,22-24,39,40]; this
activation pathway appears to be Ras-independent. The
Ras-dependent activation ofJNK/SAPKs involves MEKK
and a novel MEK-related kinase known as SEK1 [41,42],
MKK4 [43] or JNKK [44]. However, the mechanism
through which MEKK activity is regulated is not clear.

Fig. 1. The pathway by which signals are transmitted from
growth factor receptor protein-tyrosine kinases to the SRE of the
c-fos promoter. Ligand-induced receptor dimerization results in
receptor autophosphorylation, which is followed by recruitment
of signalling mediators, such as Grb2, to the receptor's tyrosine
phosphorylated cytoplasmic domain. This leads to translocation
of the Grb2-associated Ras guanine nucleotide exchange factor
Sos to the plasma membrane, where Ras is located, followed by
Ras activation. Subsequently, the serine/threonine protein kinase
Raf-1 binds to Ras and becomes activated, leading to phosphory-
lation and activation of the dual-specificity ERK-kinase, MEK.
MEK activates the MAPKs ERK1 and ERK2, which translocate to
nucleus once activated. In the nucleus, the ERKs phosphorylate
transcription factor TCF, which is bound together with SRF to the
SRE of the c-fos promoter. Phosphorylation of TCF at a cluster of
sites located next to its carboxyl terminus stimulates its transacti-
vation function, probably by enhancing its ability to interact with
the basal transcription machinery. This pathway leads to rapid
activation of c-fos transcription.

prevent TCF phosphorylation. It is likely that other
MAPKs also phosphorylate and stimulate TCF in response
to stimuli that do not activate the ERK cascade, thus pro-
viding a partial explanation for the almost universal induc-
tion of c-fos upon cell stimulation. As the signalling
pathway responsible for ERK activation is relatively well
understood, its identification as the major mediator of
TCF phosphorylation provides a clearly delineated path-
way connecting growth factor receptors to the transcrip-
tional machinery (Fig. 1). Constitutive activation of any
component of this cascade can lead to c-fos induction
followed by stimulation of AP-1 activity (see below).

Recently, three members of a second subfamily of
MAPKs, known as JNKs [20,22,26] or SAPKs [18], were

Another potential complication is the presence of multi-
ple MEKK isoforms, most of which remain to be charac-
terized. Interestingly, SEK1/MKK4/JNKK1 can also
activate p38/Mpk2/CSBP [43,44]. It is worth noting
that, despite its ability to activate the MEKs, MEKK does
not activate the ERK pathway unless overexpressed
[38,42]. This specificity in MEKK action could be due
to the presence of scaffolding proteins, as discussed
above. The JNK/SAPKs are present in both the cyto-
plasm and nucleus [45], and recently it was found that
JNK1 (and presumably also other JNK/SAPKs) is con-
centrated in the nucleus following its activation in
response to UV irradiation (M. Cavigelli, F Dolfi and
M.K., unpublished data).

The JNK/SAPKs appear to be responsible for stimulation
of c-Jun transcriptional activity [45,46], by phosphoryla-
tion of residues Ser 63 and Ser 73 in c-Jun's activation
domain [47,48]. Although both of these serines are fol-
lowed by prolines, and therefore are potential MAPK tar-
gets, neither the ERK nor p38/Mpk2/CSBP MAPKs
phosphorylate these sites effectively [12,39,49]. Indeed,
the ERK MAPKs instead phosphorylate a site located in
the carboxy-terminal domain of c-Jun, associated with
inhibition of DNA binding [39,49]. So far, only the
JNK/SAPKs, which can bind to the c-Jun activation
domain, have been found to phosphorylate the c-Jun
activating sites efficiently [18,20,22,26,45,46,50].
Although this interaction has been demonstrated only in
vitro, deletion of c-Jun's JNK/SAPK docking site, located
between amino acids 30 and 60, greatly diminishes its
ability to be phosphorylated in vivo in response to a vari-
ety of JNK/SAPK activators [45,51,52]. Such mutants
are no longer activated by JNK/SAPK-activating signals
[29]. The stimulation of c-Jun amino-terminal phos-
phorylation is rapid and correlates well with JNK/SAPK
activation [39,51,52].

c-Jun is one of the components of transcription factor
AP-1, its best known partner being c-Fos [53]. The
activity known as AP-1 can actually consist of hetero-
dimers between any of the Jun proteins (which also
include JunB and JunD) and any of the Fos proteins
(which also include FosB, Fral and Fra2). Although their
stability is not as high as those of c-Jun-c-Fos hetero-
dimers, c-Jun homodimers can also bind to AP-1 sites
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Fig. 2. Stimulation of AP-1 activity by MAP kinases. Three different types of MAP kinase are involved in induction of AP-1 activity,
through three different mechanisms. ERK1 and ERK2 are involved in c-fos induction through phosphorylation of TCF bound to the c-fos
promoter. Increased c-fos expression drives formation of Jun-Fos heterodimers, which are more stable than the pre-existing Jun-Jun
homodimers. Increased dimer stability results in higher levels of AP-1 DNA-binding activity. JNK/SAPKs are involved in c-jun induction
through phosphorylation of c-Jun and ATF2; these two transcription factors form a heterodimer, which is pre-bound to the TRE of the c-
jun promoter in non-stimulated cells. Phosphorylation of c-Jun and ATF2 increases their transcriptional activity, leading to enhanced c-
jun transcription followed by increased c-Jun synthesis. The newly synthesized c-Jun may combine with newly synthesized c-Fos or
other proteins such as ATF2, or form homodimers, all of which can contribute to increased AP-1 activity. In addition to stimulation of
c-Jun synthesis, the JNK/SAPKs contribute to elevated AP-1 activity by phosphorylating the activation domain of c-Jun and thereby
enhancing its transcriptional activity. A further increase in the activity of c-Fos containing AP-1 complexes is achieved upon phos-
phorylation of the c-Fos activation domain by the growth-factor-activated protein kinase FRK (by all biochemical criteria, FRK appears
to be a MAP kinase).

[53]. Several different pathways and mechanisms, includ-
ing c-fos and c-jun induction as well as the post-transla-
tional modifications of their products, contribute to
induction of AP-1 activity (Fig. 2). While it is plausible
to assume that each pathway makes some contribution to
general AP-1 activity, it is also possible that some genes
may be more responsive to c-fos induction and ERK acti-
vation, whereas others may be more responsive to c-Jun
phosphorylation and JNK/SAPK activation.

One possible target for the JNK/SAPK pathway is the
positively autoregulated c-jun promoter [53], the induction
of which correlates better with JNK/SAPK activation
than with ERK activation [39,45,52]. Like the c-fos SRE,
the c-jun TRE (TPA response element), which is most
probably recognized by a c-Jun-ATF2 heterodimer [54],
is constitutively occupied [55]. Phosphorylation of tran-
scription factors already bound to their target promoters
therefore appears to be a common mechanism providing
for rapid gene induction in response to protein kinase
activation. As shown for CREB, upon phosphorylation at
Ser 73, c-Jun gains the ability to bind CBP and overex-
pression of CBP enhances its transcriptional activity [6].

The transcriptional activity of a c-Jun mutant, the amino-
terminal sites of which are phosphorylated by PKA
instead of JNK/SAPK, is stimulated following PKA acti-
vation and is no longer responsive to JNK/SAPK activat-
ing signals [56]. This shows that it is the phosphorylation
of c-Jun itself, and not of another protein that interacts
with its activation domain, which is directly responsible

for enhancing its transactivating function. Interestingly,
ATF2 is also an efficient substrate for JNK/SAPK, which
phosphorylates it on sites that stimulate its transcriptional
activity [57,58]. The JNK/SAPK also appears to be able
to phosphorylate and activate TCF/Elk-1 (L. Maha-
devan, personal communication; M. Cavigelli and M.K.,
unpublished data), which would provide another way to
induce c-fos and increase AP-1 activity. This connection
may be important in the induction of c-fos in response to
UV irradiation and stress.

In addition to being stimulated by c-fos induction, AP-1
activity is also stimulated by phosphorylation of c-Fos at
Thr 232, which enhances its transcriptional activity, in
response to Ras activation by growth factors [59].
Despite the striking similarity between the sequences
flanking the activating phosphorylation sites of c-Jun and
c-Fos [60], Thr 232 of c-Fos is phosphorylated by nei-
ther JNK/SAPK nor ERK MAPKs, but by a novel
88 kD Ras-activated protein kinase termed FRK (Fos-
regulating kinase) [59]. Although FRK has yet to be
cloned, its rapid activation by growth factors and its
recognition of threonines or serines followed by a pro-
line strongly suggest that it is also a member of the
MAPK family.

In summary, three distinct MAPK types contribute to
induction of AP-1 activity (Fig. 2). Some of the MAPKs
are involved in increasing the amount of AP-1 com-
plexes, whereas other MAPKs increase their specific
activity. The ERKs stimulate AP-1 activity through
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induction of c-Fos synthesis, which leads to formation of
stable Jun-Fos heterodimers. The JNK/SAPKs stimulate
c-Jun and ATF2 transcriptional activities and can thereby
also enhance c-jun transcription. FRK activation results
in a further increase in AP-1 activity by enhancing the
transactivation function of c-Fos. As each of these
MAPKs has a unique activation pattern, this multilayered
regulation allows a large variety of extracellular stimuli to
induce AP-1 activity, which serves as a general nuclear
transducer. The differential activation of these protein
kinases and their distinct effects on c-jun and c-fos tran-
scription and on AP-1 composition may also affect the
selection of AP-1 target genes.

Like vertebrates, yeast also contains multiple MAPKs
situated at the ends of different signal transduction cas-
cades [14]. Of the four known cascades, the pheromone
signalling pathway of S. cerevisiae is best understood and
its connection to transcription-factor activation most
apparent. Binding of pheromone to cell-surface recep-
tors results in activation of two closely related MAPKs,
FUS3 and KSS1. Despite extensive genetic analysis, the
subcellular localization of these MAPKs and its modula-
tion by pheromones have not been investigated.
Nonetheless, it is clear that these protein kinases have at
least two nuclear targets. One target, common to both
FUS3 and KSS1, is STE12, a transcription factor that
activates mating-specific genes [61]. Although it has not
been formally proven, activation of STE12 correlates
with its phosphorylation, presumably by either FUS3 or
KSS1. In support of this possibility, STE12 can be
coprecipitated with FUS3 and phosphorylated by it in
vitro [62]. While FUS3 and KSS1 are fully interchange-
able in the regulation of STE12, they differ in their
ability to induce cell-cycle arrest [63]. This specific
effect of FUS3 is mediated by FAR1, a negative regula-
tor of the G1 form of Cdc2 (Cln2-Cdc28) [64,65].
FUS3 has been shown to associate physically with
FAR1 and phosphorylate it [62,64]. Once phosphory-
lated, FAR1 inhibits Cln2/Cdc28 activity more effi-
ciently [65]. This mechanism, however, remains to be
tested in vivo.

NF-KB activation: regulated subcellular
compartmentalization

An alternative strategy for transmitting signals from the
cell surface to the nucleus is regulated nuclear transloca-
tion of transcription factors that are stored as inactive
cytoplasmic complexes, first demonstrated for NF-KB
(Fig. 3) [66]. In non-stimulated cells, the different
NF-KB complexes are held in the cytoplasm by interac-
tion with the IKB inhibitors. The latter may function by
masking the nuclear translocation sequence within the
Rel-homology domain of NF-KB proteins [67]. Follow-
ing cell stimulation by inflammatory mediators, the
NF-KB-IKB complex dissociates and NF-KB dimers are
rapidly translocated to the nucleus, by an as yet
unknown mechanism.

It was suggested that the key step in NF-KB activation is
the inducible proteolysis of IKB [68], but the main evi-
dence for this conclusion was obtained by using protease
inhibitors which are alkylating agents that block IKBca
phosphorylation, an event that precedes its degradation
[69]. Hence, the original suggestion that the first step in
NF-KB activation is IKB phosphorylation [70,71],
although not proven, remained valid. Recently, Ser 32
and Ser 36 were suggested to be possible inducible
phosphorylation sites in IKBQx [72]. Substitution of these
serines with alanines blocks both phosphorylation and
degradation of IKBot, providing the best evidence so far
that phosphorylation is required for degradation of IKBoL.
Phosphorylation of IKBo does not, however, induce its
dissociation from NF-KB; rather, it appears to mark it for
degradation while attached to NF-KB [69,73,74].
Recent evidence suggests that IKBot degradation may
involve the ubiquitin/proteasome system [69,74,75].

A role for protein phosphorylation in activation of
NF-KB-like transcription factors is well established in
Drosophila. Dorsal, a member of the Rel family, is held in
the cytoplasm of the early embryo (which is a syncytium)
through interaction with the IKB-like protein Cactus
[76]. In a similar fashion to the IKB-NF-KB interaction,
Cactus binds next to and probably masks the nuclear
translocation sequence within the Rel-homology domain
of Dorsal [76]. Although in oocytes or early embryos
Cactus is bound to Dorsal, it remains to be shown that
later in development, or in mutants where Dorsal is con-
stitutively nuclear, the two are no longer associated. Like
IKB, Cactus is a phosphoprotein whose phosphorylation
state is modulated during embryonic development [76],
and Cactus degradation is required for Dorsal activation
[77]. Moreover, a role for phosphorylation in Dorsal acti-
vation emerged with the isolation of the pelle gene, which
encodes a serine/threonine protein kinase [78]. In loss-
of-function pelle mutants, Dorsal remains cytoplasmic and
the embryo is dorsalized. Injection of wild-type Pelle
RNA into pelle mutants rescues their dorsalized pheno-
type, whereas microinjection of catalytically-inactive Pelle
RNA does not [78]. Although it has not been formally
established that Pelle is the Cactus-kinase, epistasis analy-
sis suggests that it is likely to function in this manner.
Alternatively, Pelle may be located upstream of a putative
Cactus-kinase in a phosphorylation cascade leading to
Dorsal activation.

Genetically, pelle acts downstream of toll, dominant gain-
of-function mutations of which cause ventralization, a
phenotype associated with nuclear translocation of Dorsal
[79]. Toll is a transmembrane protein with certain homol-
ogy to the interleukin-1 (IL-1) receptor [79]. This is inter-
esting, as IL-1 is an inflammatory mediator that activates
NF-KB in mammals. The parallels between the Dorsal and
NF-KB activation pathways are illustrated in Figure 3.

An even more striking resemblance to NF-KB is dis-
played by a second Rel family member from Drosophila,
Dif, an activator of insect immunity genes [80]. Unlike
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Fig. 3. Similarities between the signalling pathways involved in activation of Dorsal and Dif in Drosophila, and of NF-KB in vertebrates.
Toll is a cell-surface receptor that exhibits modest, but significant, similarity to the IL-1 receptor. Toll is activated by a maternal signal
deposited into the egg, most likely the Spatzle protein. In addition, Toll may be the receptor for the inflammatory signal leading to Dif
activation. The IL-1 receptor is activated by IL-1, a cytokine that is secreted upon inflammation. Activation of Toll results in activation
of the Pelle protein kinase, whereas activation of IL-1 receptor activates the yet-to-identified IKB-kinase. Activation of this latter kinase
results in phosphorylation and degradation of IKB, the inhibitor which keeps NF-KB in the cytoplasm. It appears likely that Cactus, the
inhibitor that keeps Dorsal and Dif in the cytoplasm, is similarly regulated. These signalling pathways lead to nuclear translocation of
NF-KB, Dorsal and Dif, and thereby to the induction of their corresponding target genes.

Dorsal, which is primarily expressed in embryos, Dif is
expressed in later stages. Dif is also stored in the cyto-
plasm, and in response to injury or infection it is rapidly
translocated to the nucleus [80]. Interestingly, Dif is also
activated by the Toll pathway, because in gain-of-func-
tion toll mutants it is nuclear. However, it remains to be
established whether Toll is a receptor for inflammatory
mediators. It is also not clear whether Cactus is the
authentic Dif inhibitor, or whether Dif is kept in the
cytoplasm by another IKB-like protein. If Toll and Cactus
are directly involved in Dif activation by inflammatory
signals, it will be important to know whether and how
Drosophila distinguishes between these and developmental
signals. One simple solution is the temporal separation
between dorsal and df expression.

Membrane-nucleus communication through
JAKs and STATs

A second family of transcription factors whose activity is
regulated by their compartmentalization are the STATs
(signal transducers and activators of transcription) [81].
Originally identified as components of the interferon
(IFN)-activated transcription factor known as interferon-
stimulated gene factor 3 (ISGF3), the STATs are activated

in response to a large variety of cytokines and growth fac-
tors [81]. Currently, six STAT genes are known, but it
appears likely that more will be discovered. The mecha-
nism of STAT activation has been most extensively stud-
ied in the case of IFN signalling (Fig. 4). Treatment of
cells with IFN-a or IFN-3 rapidly induces nuclear
ISGF3 DNA-binding activity [82]. Although the exact
composition of ISGF3 remains to be determined, it is
most likely a trimeric complex composed of het-
erodimers of STATlat (p9 1), or its alternatively spliced
form STATI[3 (p84), and STAT2 (p1 1 3), associated with
a p48 DNA-binding subunit [81,83].

Although the exact subcellular location of p48 in unstim-
ulated cells is controversial, the STATs are cytoplasmic
prior to IFN-o exposure, which causes their rapid nuclear
translocation [84]. IFN-y on the other hand, induces a
different DNA-binding activity, GAF (gamma-interferon-
activating factor), composed mostly of STATlao dimers
[85]. Exposure to IFN-ot results in rapid phosphorylation
of STATla, STATI3, and STAT2 on a tyrosine located
at the carboxy-terminal edge of a Src-homology-2
(SH2) domain, which is conserved among these proteins
[86] (SH2 domains are protein modules that bind
with sequence specificity to phosphotyrosine-containing
peptides within, for example, activated receptor protein
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Fig. 4. Membrane to nucleus signalling in response to interferons (IFNs). By analogy to other receptors, it is proposed that binding of
IFN-a or IFN-y to their respective receptors results in recruitment and activation of JAK1 and TYK2 or JAKI and JAK2, respectively.
Activation of JAKI and TYK2 results in phosphorylation of the IFN-a receptor followed by association of STATI a/STAT1 3 and STAT2
with specific phosphotyrosines on the receptor via their SH2 domains. The receptor-bound STATs are then phosphorylated, presumably
by the receptor-associated JAKs, and this results in dimerization and nuclear translocation of the STAT1I/1-STAT2 dimer. In the
nucleus, these activated STAT dimers associate with p48 to form trimeric ISGF3 complexes which bind to ISREs (interferon-stimulated
gene response elements) and activate transcription of IFN-oa inducible genes. In this complex, p48 and STAT1 make specific contacts
with the ISRE, whereas STAT2 makes general contacts [1021. Activation of JAK1 and JAK2 by IFN-y, on the other hand, results in
phosphorylation, dimerization and nuclear translocation only of STAT1a. STAT1a homodimers bind to GAS elements and activate
transcription of IFN-y-inducible genes.

tyrosine kinases [87]). IFN-y, on the other hand, induces
only STATlo phosphorylation and does not affect
STAT2 [85,86]. In both cases, tyrosine phosphorylation
precedes nuclear translocation. Whereas non-phosphory-
lated STATlax is monomeric, its tyrosine phosphorylated
form is dimeric [88]. At least part of the dimerization
energy is provided by interactions between phosphotyro-
sine residues on each STAT and the SH2 domain on its
partner [88]. STAT1(x can also heterodimerize with
STAT3 in response to epidermal growth factor (EGF),
which causes the simultaneous tyrosine phosphorylation
of both proteins [89].

At this point, how dimerization of the STATs triggers
their nuclear translocation is unknown, but as dimeriza-
tion and nuclear translocation are essential for DNA bind-
ing, the tyrosine phosphorylation of STAT proteins is the
critical event underlying the subsequent activation of their
target genes. Recently, the binding of STAT3 homo-
dimers to DNA was shown to be dependent on serine
phosphorylation [90]. The location of this serine residue
has not been determined, and it is not yet clear whether
it is constitutively phosphorylated or whether some
intracellular stimuli may promote its phosphorylation and

thereby modulate STAT3 activity. In addition, phos-
phorylation of residue Ser 727 in STATlot and STAT3
by an unknown protein kinase has been shown to be re-
quired for maximal transcriptional activation by STATlot
and STAT3 . Darnell, personal communication). Phos-
phorylation of Ser 727 in STATlol can be induced by
IFN-y, consistent with it playing a role in IFN-induced
transcription.

The regulation of STAT compartmentalization by tyro-
sine phosphorylation provides for rapid information
transfer from the cell surface to the nucleus, because one
of the first events following occupancy of many receptors
is activation of protein-tyrosine kinases [87,91]. In
response to interferons and many other cytokines, the
STATs are probably phosphorylated by members of the
JAK Janus kinase) family of receptor-associated protein-
tyrosine kinases [92-94] (STATs may be also be directly
phosphorylated by activated receptor protein-tyrosine
kinases upon binding via their SH2 domains). The JAK
family has four known members [81], two of which,
JAK1 and TYK2, are rapidly activated by IFN-o( or IFN-
3. This activation presumably requires the association of

the JAKs with one or more subunits of the multi-subunit
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receptor for these IFNs [92,95], which in the case of
other cytokine receptors is known to occur through a
proline-rich region in the cytoplasmic domain. Activa-
tion is brought about through ligand-induced receptor
oligomerization, in a fashion analogous to the activation
of receptor protein-tyrosine kinases.

Although both JAK1 and TYK2 are required for acti-
vation of ISGF3 and phosphorylation of STATla,
STAT1P and STAT2 in response to IFN-a or IFN-P
[94], it remains to be demonstrated that these STATs are
directly phosphorylated by these JAKs. The response to
IFN--y, on the other hand, does not involve TYK2, but
requires JAK1 and JAK2 activation [93], through indu-
cible association with the IFN--y receptor [96]. IFN--y
induces rapid phosphorylation of its receptor on Tyr 440
in the cytoplasmic domain of the oa subunit, which
provides a specific binding site for STATlat through its
SH2 domain [96]. Moreover, it has recently been shown
that the activation of STAT3 by the gp130 cytokine
receptor signalling subunit can be elicited individually
by four out of the five tyrosines in the cytoplasmic
domain, all of which lie in a YXXQ consensus sequence
[97]. In addition, when one of these motifs is appended
to the erythropoietin receptor cytoplasmic domain, the
chimeric receptor can now activate STAT3, whereas the
wild-type receptor cannot [97]. Finally, SH2 domain-
swap experiments between STAT1 and STAT2 indicate
that it is the STAT SH2 domain that provides receptor
specificity [98].

Thus, the emerging view of specificity in the JAK/STAT
system is that this is primarily a result of STAT SH2
domain-mediated interactions with specific tyrosines in
the cytoplasmic domains of the receptor subunits that are
presumably phosphorylated by receptor-associated JAKs
(Fig. 4). Some degree of specificity is also achieved at the
level of STAT-STAT dimer assembly, as only low levels
of STATla dimers are found in IFN-oa-treated cells, and
genes containing a GAS element but lacking an ISRE are
only weakly induced by IFN-at. This could be because
the STATla SH2 domain has a higher affinity for the
STAT2 phosphotyrosine than for its own phosphotyro-
sine, but this could also be mediated at the receptor level.
For instance, STAT1 is only weakly phosphorylated in
response to IFN-aot in cells lacking STAT2, suggesting
that there may be sequential or at least interdependent
phosphorylation of different STATs [99].

So far there is no evidence for specificity at the level of
JAK-STAT interactions, and the bound STATs are appar-
ently phosphorylated by whichever JAKs are present
within the activated receptor complex. Overall, this sys-
tem provides a basis for the activation of individual STAT
proteins in response to different ligands, thus generating
different STAT oligomers with distinct DNA-binding
specificities. Although the number of components that
connect receptor activation to transcriptional activation is
considerably smaller than those involved in MAPK signal-
ing, the kinetics of STAT activation are not considerably

faster than those of TCF or c-Jun activation. This may be
because the JAK/STAT pathway has a lower degree of
amplification than the MAPK pathways, or because the
nuclear import of activated components is a rate-limiting
step in both cases.

Concluding remarks: generation of specificity

A common feature of all the regulatory systems
described above is the specific phosphorylation of a tran-
scription factor (or an inhibitor thereof) in response to
extracellular cues that activate distinct protein kinases (or
a small number of similarly regulated protein kinases).
The ability of such protein kinases to discriminate
between relevant and irrelevant substrates, which is not
fully apparent from in vitro studies using non-physiologi-
cal substrates, is extremely important for ensuring bio-
logical specificity. While specificity can be generated at
many different levels, starting with the receptor-ligand
interaction, the final outcome must be determined by
the constellation of protein kinases that are activated by a
given signal and the spectrum of transcription factors
that they can phosphorylate.

Several mechanisms may ensure specificity of transcrip-
tion factor phosphorylation. In the case of c-Jun, STE12,
FAR1, and possibly the STAT proteins, phosphorylation
and activation appear to require physical interactions with
their respective protein kinases or an intermediary dock-
ing protein. Efficient phosphorylation of c-Jun and ATF2
by JNK/SAPKs requires JNK/SAPK-docking sites,
which are separate from the actual phosphoacceptor sites
[26,45,46]. Phosphorylation of STATla requires an
intact SH2 domain, which in addition to its role in
dimerization [88] may anchor the transcription factor to
the activated receptor complex in close proximity to the
relevant JAK [96-98]. Although the protein domains that
ensure proper STE12 and FAR1 phosphorylation have
not been defined, both proteins coprecipitate with FUS3,
suggesting the existence of a complex between the kinase
and its substrates [62].

For most protein kinases, the specificity offered by the
sequence surrounding the phosphoacceptor site is limited
[100]. It is not, therefore, surprising that certain proteins
whose phosphorylation has to occur very rapidly and
with a high degree of fidelity, such as transcription fac-
tors, have evolved to contain protein-kinase-docking sites
that ensure such specificity. The contribution of the
JNK/SAPK-docking site to the regulation of c-Jun activ-
ity is quite apparent. In vitro, wild-type c-Jun is phospho-
rylated by JNK/SAPK 30-times more efficiently than a
mutant lacking the docking site. However, both wild-
type c-Jun and the mutant are phosphorylated with the
same very low efficiency by the ERKs [22,45]. In addi-
tion, overexpression of a fusion protein containing the
JNK docking site decreases expression of an AP-1 target
gene, functioning most likely as a competitive inhibitor
ofJNK/SAPK [52].
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Although so far there are only a few examples of such
interactions, we predict that specific interactions between
transcription factors and their cognate protein kinases
via regions distinct from those containing the target
hydroxy-amino acid will turn out to be widespread.
Otherwise, it is difficult to explain how closely related
protein kinases, such as JNK/SAPK and ERK, or JAK2
and TYK2, have distinct biological functions. The
requirement for such specificity is best illustrated by KSS1
and FUS3. These two MAPKs are very similar to each
other and are activated by a common protein kinase cas-
cade [14]. Despite this high degree of similarity, the two
enzymes have only partially overlapping biological func-
tions [63]. As discussed, this specificity is most likely due
to physical interactions between FUS3 and FAR1, which
may not occur with KSS1 [62]. It will be of great interest
to determine the structural basis for this interaction.

As even closely related protein kinase catalytic domains
exhibit hypervariable loop regions [101], it is likely
that these regions mediate specific substrate recognition.
Indeed, one such surface-exposed loop was found to
account for the more efficient phosphorylation of c-Jun
by JNK2 (SAPKot), relative to the closely related JNK1
(SAPK-y), by allowing tighter binding to c-Jun [26]. Such
interactions would provide even closely related protein
kinases with distinct biological functions, mediated
through association with different substrates, which in
the case of transcription factors could activate distinct
target genes.

In summary, two general mechanisms have evolved to
ensure rapid and accurate transfer of information from
cell-surface receptors to the nucleus. One mechanism
depends on the regulated translocation of activated pro-
tein kinases from the cytoplasm to the nucleus, whereas
the other is based on the regulated subcellular localiza-
tion of transcription factors. While the components of
these signalling cascades are being elucidated at a very fast
pace, much remains to be learned about the basic mecha-
nisms involved in regulated nuclear translocation of both
protein kinases and transcription factors. One amazing
feature of these processes, which has to be accounted for
when thinking about possible mechanisms, is their rapid-
ity and efficiency. In most of the cases described here
increased transcription of relevant target genes may be
detected within 10 minutes of signal reception.
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