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1. ABSTRACT

The human MAP kinase-interacting kinases (or
MAP kinase signal-integrating kinases), Mnks, comprise a
group of four proteins derived from two genes (Gene
symbols: MKNK1 and MKNK?2) by alternative splicing.
Mnkla/b differ at their C-termini, as do Mnk2a/2b: in each
case, the a-form possesses a longer C-terminal region than
the b-form, which lacks the MAP kinase-binding region.
The N-termini of all forms contain a polybasic region
which binds importin o and the translation factor scaffold
protein eukaryotic initiation factor (elF) 4G. The catalytic
domains of Mnkla/b and Mnk2a/b share three unusual
features: two short inserts and a DFD feature where other
kinases have DFG. Mnk isoforms differ markedly in their
activity and regulation, and in subcellular localization. The
best-characterised Mnk substrate is e[F4E. The cellular role
of eIF4E phosphorylation remains unclear: it may promote
export of certain mRNAs from the nucleus. Other Mnk
substrates bind to AU-rich elements that modulate the
stability/translation of specific mRNAs. Mnks may also
control production of inflammatory mediators and signaling
from tyrosine kinase receptors, as well as cell proliferation
or survival.
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2. THE MNK FAMILY OF PROTEIN KINASES

2.1. Discovery of the Mnks

The Mnks were discovered, independently but
almost simultaneously, as a consequence of two new and
quite different screens for proteins regulated by the
‘classical’ MAP kinases, the ERKs. In one approach, ERK
substrates were sought by screening bacterial expression
libraries; in the other, binding partners for the ERKs were
identified using the yeast two-hybrid system (1,2). This
study resulted in the identification of human Mnkl and
revealed that it was phosphorylated by ERK and also by
p38 MAP kinases o/, but not by the related INK enzymes
(1). The yeast two-hybrid screen (2) yielded clones for
(mouse) Mnkl and also Mnk2, and showed that Mnkl
interacted with ERK2 and p38 MAP kinase, but not with
JNK1. Phosphorylation of ERK decreased its binding to
Mnkl. In contrast, Mnk2 only bound stably to ERK2.
These studies also demonstrated that Mnk1 was activated
by agents that stimulate ERK (such as phorbol esters or
serum) or p38 MAP kinase o/f} (e.g., stress conditions such
as hyperosmolarity and UV-C irradiation or pro-
inflammatory cytokines such as tumour necrosis factor o or
interleukin 1p).
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Figure 1. Organization of the Mnks and the related Drosophila enzyme, LK6. A: this figure depicts the overall layout on the four
known Mnk isoforms and of the closely-related Drosophila enzyme LK6. The region demarcated by dashed lines denotes the
large region of LK6 that is absent from the mammalian Mnks. The polybasic region (PBR) that binds importin o and elF4G is
shown, as is the MAP kinase binding site, and the core motif of this region. The nuclear-export sequence (NES) in Mnkla and
the related but non-functional motif on Mnk2a are shown. B: sequences around the activation loops of Mnk1 and Mnk2 showing
the DFD motif, the two Mnk-specific inserts and the threonine residues which are phosphorylated by the ERKs/p38 MAP kinases

of.

Importantly, the latter study identified the first substrate for
the Mnks — eukaryotic initiation factor (elF) 4E, the
translation initiation factor that binds the 5’-cap structure
found on all eukaryotic cytosolic mRNAs (2).

. Its phosphorylation was subsequently shown to be
regulated through the ERK and p38 MAP kinase o/f3
pathways (2-4) and to depend upon the Mnks (5).

2.2. Relationship of the Mnks to other protein kinases

The catalytic domains of Mnkl and Mnk2
display approximately 70% sequence identity (6). Sequence
comparisons revealed that the Mnks were most closely
related to other protein kinases that are activated by
members of the MAP kinase family, e.g., MK2 (also called
MAPKAP-K2), pK3 (also called MAPKAP-K3 or MK3),
MKS5 (also called PRAK or MAPKAP-KS5), and the C-
terminal kinase domain of the RSKs (1,2), as well as the
MSKs. In common with these other enzymes, the activation
loop of the Mnks contains phosphorylatable (threonine)
residues followed by prolines which are thus potential
substrates for phosphorylation by MAP kinases. In the
Mnks, there are actually three threonines each followed by
a proline: mutation of the second two yields an inactive
enzyme. Recent studies suggest that the first threonine is
not required for Mnk activation (Goto and Proud,
unpublished data).
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Compared to all other protein kinases, the
catalytic domains of Mnkl and Mnk2 show three specific
and unusual features. First, a striking difference between
Mnks and all other kinases in the main superfamily is the
presence of a DFD (Asp-Phe-Asp) motif in subdomain VII,
where all other protein kinases have DFG (Figure 1B). In
addition the catalytic domains of Mnk1 and Mnk2 contain
two ‘inserts’, i.e., short sequences not found in other
protein kinases in the calmodulin-dependent kinase
subfamily to which the Mnks are most closely related
(Figure 1B). The first insert lies immediately C-terminal to
the DFD motif and just N-terminal of the ‘activation loop’
(or ‘activation segment’) which contains the two threonines
that are phosphorylated by the MAP kinases. The second
insert, of five residues, lies immediately C-terminal to the
APE motif (subdomain VIII) and therefore just after the
activation loop. These features are discussed further below.
Both the unusual DFD motif and the two insertions are also
present in the fruitfly kinase LK6, the closest relative of the
Mnks found in that species.

The initial report for mouse Mnkl and Mnk2
identified cDNAs that lacked 12 residues present at the N-
terminus of human Mnkl1 (1,2) and 47 residues at the N-
terminus of human Mnk2 (7). A subsequent study (5)
identified the ‘missing” N-terminus of mouse Mnk2 and
showed that it is highly similar to the corresponding region
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Table 1. Comparison of Mnk1 and Mnk2

Mnk1
HS1 MVSSQKL EKPI EMGSSEPL PI ADGDRRRKKKRRGRATDSL PGKFEDMYKL
MMI1 MGSSEPL PI VDSDKRRKKKRKTRATDSL PGKFEDVYQL
* *
Mnk2
HS2
MVOKKPAEL QGFHRSFKGONPFEL AFSL DOPDHGDSDF G QCSARPDVPASQPI DI PDAKKRCGKKKKRGRATDSFSCRFE
MM2
MVQKRTAEL QG-HRSFKGONPFEL AFSL DL AQHRDSDF SPQCEARPDIVPSSQPI DI PDAKKRGRKKKRCRATDSFSGRFE

N-termini of the Mnks: HS1, human Mnkl; HS2, human Mnk2; MMI1, mouse Mnkl, MM2, mouse Mnk2. The polybasic
sequence that binds eIF4G and/or importin o is underlined. Residues that differ between human and mouse proteins are shaded
grey. The residues in mouse Mnk1 that are phosphorylated by PAK-2 are indicated by asterisks (see text).

of the human protein. This information is summarized in This feature is involved in binding to the translation factor
Table 1. scaffold protein elF4G to recruit Mnks to phosphorylate
elF4E, its best known substrate, which also interacts with
The protein kinase PAK-2, which is generated elF4G (Figure 2). The Mnk/elF4G interaction is required
from a precursor by caspase-3 cleavage, phosphorylates for the efficient phosphorylation of ¢IF4E by the Mnks
mouse Mnk! at T22 and S27 (8). This prevents Mnk1 from (4,14). The polybasic region also binds to importin o, a
binding to eIF4G. These residues lie just C-terminal to the karyopherin involved in the import of proteins into the cell
polybasic sequence involved in binding eIF4G, but T22 is nucleus. However, the residues within the polybasic region
not conserved in the human protein, being replaced by that are required for binding to importin a and to eIF4G are
glycine, which cannot be phosphorylated (Table 1). not identical (15).
2.3. Existence of splice variants Although all Mnk isoforms contain the importin
The Mnk proteins that were initially described a-binding sequence, not all of them are nuclear. Indeed,
(the longer forms, Mnkla and Mnk2a) each contain a C- Mnkla is essentially only found in the cytoplasm (15,16).
terminal motif that can bind MAP kinases. The MAP This reflects the presence in its C-terminal region of a
kinase-binding motifs in Mnk1 and Mnk?2 differ, the former nuclear export signal (NES) of the CRMI type. Mutation of
containing the sequence LARRR, while Mnk2 has LAQRR key residues within this feature renders Mnkla nuclear.
(Figure 1A). The best-characterised consensus sequence for Mnk1b has a different (very short) C-terminal region and
MAP kinase binding (the ‘D-domain’; (R/K);.2- (X)26-¢-X- lacks this NES: accordingly, a high proportion of Mnk1b is
¢- (9) is found in many MAPK substrates including nuclear (13). The C-terminal region of Mnk2b lacks an
transcription factors, MAPKKSs, and MAPK phosphatases NES and a substantial fraction of Mnk2b is also nuclear
(9,10), but does not match the sequences in MAPK- (16). The situation for Mnk2a is a little more complicated:
activated protein kinases including the Mnks (10,11). its extreme C-terminal domain appears to interfere with
Instead, they appear to fit the KIM consensus sequence binding of its N-terminal polybasic region to eIF4G or to
(12). importin a. Consequently, Mnk2a is mainly cytoplasmic,

even though it lacks an NES.
Subsequently, it became clear that each gene also

gave rise to an alternative polypeptide, with a different C- The activities of these Mnk isoforms — and their
terminus that lacks the MAP kinase-binding motif. The regulation — also differ very markedly. Mnkla has quite
original polypeptides are now termed Mnkla and Mnk2a low activity in serum-starved cells, and this is enhanced by
(see Figure 1A). Mnk2b was initially found as a binding stimuli that activate either ERK or p38 MAPK o/f (see,
partner for oestrogen receptor B (ERpB) (7). Mnk1b was first e.g., (2-4)), and inhibited by agents that block these
described by O’Loghlen et al. (13). The ‘b’-isoforms have pathways. In contrast, Mnk2a displays high basal activity
so far only been identified conclusively in human cells. The and this is only slightly enhanced by agents that activate
mouse Mnks so-far studied correspond to the human ‘a’- ERK (17). Inhibitors of ERK or p38 MAPK signalling can
forms which have longer C-termini. Nevertheless, for decrease Mnk2a activity, but only slightly. These properties
consistency, these will be referred to as mouse Mnkla and seem to be related to the ability of Mnk2a to bind
Mnk2a. Studies involving mice in which the genes for phosphorylated, active, ERK, to which Mnkla does not
Mnk1 and/or Mnk2 had been knocked out suggested the bind stably. Binding to active ERK means that Mnk2a is
presence of a shorter Mnk2 species in mouse cells: this may physically associated with its activating kinase. The ability
correspond to Mnk2b (5). of Mnk2a to remain bound to phosphorylated ERK is
conferred by features of its C-terminus, as discussed in
Although the four distinct human Mnk more detail below.
polypeptides display distinct characteristics, they do share a
number of features in common. Firstly, Mnk1 and Mnk2 Mnk2b (which lacks the MAP kinase binding
contain very closely related catalytic domains, as described site) shows very low activity under all conditions so far

above. All four isoforms also contain a polybasic sequence
that lies N-terminal to the catalytic domain (Figure 1A).

5361



The Mnks

ERK1/2

P38 MAPK of

P I P H P
I %
&7 % ?,'5, s
IS AN Cad
= =
Spry2 cPLA, HNRNP A1 elF4E / elF4G?
PSF \‘\'
l centrol of
control of  inflammatory control of control translation?
ERK responses —— ARE- of export
signalling containing of certain .
survival
f? 1
MRNAS? mMRMNAs? o

Figure 2. Downstream signaling from the Mnks. The figure shows a schematic depiction of the upstream control of the Mnks by
MAP kinase pathways and of known Mnk substrates indicating their possible roles in cellular regulation. The dashed line
indicates a probable but weak input from p38 MAP kinases o3 to Mnk2a. The roles of Mnk1b/2b are less clear: this reflects their
lack of known regulation and relatively lower levels of activity. The question marks indicate that it is not completely certain that
Mnkl itself is the kinase that phosphorylates cPLA, or whether Mnkl-mediated phosphorylation of eIF4G affects mRNA

translation.

tested. It is not yet clear under which circumstances, if any,
it is activated (16). In contrast, Mnk1b shows significant
basal activity, indeed higher activity than Mnkla shows in
serum-starved cells ( (13,18) Goto, Yao and Proud,
unpublished data). However, as expected since Mnk1b does
not have a D-motif similar to the one present in Mnk2b, its
activity is hardly affected by blocking the ERK or p38 MAP
kinase o/f signalling pathways, indicating that its basal
activity does not require inputs from ERK or p38 MAP kinase
activity. This is consistent with the observation that Mnk1b is
not phosphorylated by ERK (13,18). Since the two T-loop
phosphorylation sites are each followed by a proline, other
proline directed kinases could be responsible. However,
treatment of cells with roscovitine, which inhibits several
cyclin-dependent (proline-directed) kinases does not inhibit
either the activity of Mnklb or its T-loop phosphorylation,
while treatment with pervanadate (which activates a broad
spectrum of MAP kinase-family enzymes (see, e.g., (19)), does
not enhance these parameters (Goto, Yao and Proud,
unpublished data). It therefore remains unclear what
accounts for the basal phosphorylation and activity of
Mnk1b: O’Loghlen et al. (13,18)have suggested that this
reflects features of the short (12 residue) C-terminus that is
unique to Mnklb. The properties of the different Mnk
isoforms are summarized in Table 2. Our own recent data
confirm that the activity of Mnkl1b is higher than that of
Mnkla in serum-starved cells, and does not increase upon
addition of agents that activate ERK or p38 MAP kinase
/B (Goto et al., unpublished data). However, our data do
not support the idea that this is due to specific features of
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the 12-amino acid C-terminus of Mnklb, as a truncation of
Mnkla that also has only twelve remaining residues of its
C-terminus shows the same characteristics as Mnkl1b, as
does a truncated protein lacking either C-terminal region.

The reasons for differences in the levels of activity
between Mnkla and Mnk2a involve features of both the C-
terminus and the catalytic domain: this is illustrated by the
properties of chimaeras that contain the N-terminus and
catalytic domain of one isoform and the C-terminus of the
other (termed Mnk1-CT2 and Mnk2-CT1). Thus, while Mnk2
with its own C-terminus shows very high ‘basal’ activity in
serum-starved cells, the basal activity of Mnk2-CT1 is far
lower (20). While this could suggest that it is the C-terminus of
Mnk? that confers high basal activity, the Mnk1-CT2 chimaera
actually shows low basal activity. It is clear, however, that the
C-terminus of Mnk?2 does contain the features that allow stable
binding to phosphorylated, active, ERK, which cannot bind to
Mnk1 (20). The interaction with Mnk?2a also protects phospho-
ERK from dephosphorylation and inactivation (likely
explaining the resistance of Mnk2a activation to ERK
signalling blockade (20)). The association of active ERK
with Mnk2, likely help explain why Mnk2 is active in
serum-starved cells — since it is bound to residual phospho-
ERK, which phosphorylates and activates it. As noted
above, the MAP kinase-binding motifs in Mnk1 and Mnk2
differ (the third residue is Q in Mnk2, R in Mnk1; Figure 1A).
However, this difference is not sufficient to explaintheir
differing abilities to bind phospho-ERK and other residues in
their C-termini are also important for this (20).
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Table 2. Characteristics of human Mnk isoforms

Isoform Activity Localisation Comments

Mnkla Basally low: increased by ERK or p38 | Cytoplasmic; Long C-terminus contains NES and MAP
MAPKap perinuclear kinase-binding site

Mnk1b Some basal activity; not due to or increased | Partially Very short C-terminus lacks MAP kinase-
by signaling through ERK or p38 MAPKaf nuclear binding site; may still promote activity

Mnk2a Basally high; increased a little by signaling | Mainly C-terminus contains MAP kinase-binding
through cytoplasmic site, but lacks functional NES
ERK or p38 MAPKaf

Mnk2b Low; not known circumstances where it is | Partially C-terminus lacks NES and MAP kinase-
increased nuclear binding site

Features of the catalytic domain are also module”. This involves two specific features of the Mnks

important in explaining the high activity of Mnk2. One
such feature is a residue located immediately after insert 1
in the catalytic domain: this residue is Ser in Mnk1 and Asp
in Mnk?2 (20). Mutation of this residue to aspartate in Mnk1
does not increase basal activity but greatly enhances its
activity after treatment of cells with phorbol ester (which
activates ERK). However, making the same mutation in the
Mnk1-CT2 chimaera raises its basal activity to the level
observed for Mnk2 itself. This indicates that this single
residue in the catalytic domain together with features in the
C-terminal tail, likely related to phospho-ERK binding,
suffice to confer high basal activity on Mnk2a
Nevertheless, determination of the crystal structures of
catalytic domains of Mnkl and Mnk2 also point to
additional features that may play a role in this.

2.4. Structural studies

Jauch and co-workers solved the three-
dimensional structures of the catalytic domains of Mnkl
and Mnk2 expressed in bacteria (21,22). The first to be
reported was that of a fragment of Mnk2 containing the
catalytic domain. The two main features revealed by this
structure were, first, that the activation loop showed an
unusual open conformation. This is the structure of the non-
phosphorylated protein and rearrangements of this region,
contributing to kinase activation, presumably occur upon
phosphorylation of the two threonine residues in the loop.
Second, as mentioned above, both Mnks possess a DFD
rather than a DFG motif. The crystal structure revealed that
this potentially interferes with ATP binding. This feature
favours a so-called DFG/D-OUT conformation which
obstructs the usual mode in which ATP is bound to protein
kinases. Certain other protein kinases also adopt this
conformation. Mutation of the DFD to the canonical DFG
sequence had little effect on ATP-binding or kinase activity
of the kinase domain fragment, suggesting that the
inhibitory conformation may be unstable, at least in the
context of this fragment (21,22). Nevertheless, this DFG/D-
OUT conformation and unusual features of the Mg*'-
binding loop may provide scope for the development of
highly specific Mnk inhibitors, along the lines of the p38
MAP kinase inhibitor BIRB, which induces a DFG/D-OUT
conformation (reviewed in (23)).

A second study determined the structure of the
kinase region of Mnk1 and revealed a number of unusual
features of its activation loop (21,22), pointing to a novel
mechanism for the activation of the Mnks. In particular, the
activation loop appears to function as an “autoinhibitory
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referred to above, i.e., residues within the second Mnk-
specific insertion, 12 at subdomain VIII, and the locking of
the DFD motif into the DFG/D-OUT conformation, which
presumably impairs ATP binding. This conformation is
stabilized by the repositioning of the activation segment.
Specifically, the F of the DFD motif projects into the ATP-
binding site. In the structure of the Mnk1 kinase domain the
activation loop was disordered, so it provides little direct
information on how phosphorylation within this loop leads
to kinase activation. In this study (22), mutational analysis
lent support to the conclusion that insertion 2 and
specifically the F residue within the DFD motif operate in
an autoinhibitory fashion.

It is interesting to note that certain differences
between Mnk1 and Mnk2 may weaken the autoinhibition in
the latter: for example, two residues that form interactions
that appears to stabilize this conformation in Mnk1 (Y60,
T97) are replaced in Mnk2 by residues that seem less able
to perform this function (H95, M132). Further mutational
and biochemical analyses, most appropriately of full-length
Mnk1/2, is required to test these predictions.

3. SUBSTRATES FOR THE Mnks

Mnks have now been reported to
phosphorylate a number of different proteins in addition
to elF4E, the first in vitro Mnk substrate to be described
(2). Like elF4E, several of these are either components
of the translational machinery (e.g., elF4G (14) or
proteins that bind mRNA (e.g., heterogeneous nuclear
RNA-binding protein (hnRNP) Al (24,25) and the
polypyrimidine-tract binding protein-associated splicing
factor (PSF) (26). Additional substrates include other
cytoplasmic proteins (cytoplasmic phospholipase A2
(27) and Sprouty (28)).

3.1. eIF4E

Studies on knock-out mice lacking both Mnkl
and Mnk2 demonstrated very clearly that Mnks are the sole
elF4E kinases in mouse cells, at least for the range of
tissues and conditions tested (5). Despite extensive studies
over more than two decades, no consensus, or even a clear
model, has emerged to explain the possible functional
significance of the phosphorylation of eIF4E (Figure 2),
which occurs at S209 (Table 3). This topic was last
reviewed in detail in 2002, (29), and we will summarize
the position and discuss data that have appeared since
then.
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Table 3. Sequence around known phosphorylation sites for Mnk1 or Mnk2

Substrate Site (s) Comments Reference
eIF4E S209: TATKSGSTTKNREVV Mnk1 and Mnk2 2
cPLA2 S727: QNPSRCSVSLSNVEAR Reported for Mnk1 27
HnRNP Al S192: QEMASASSSQRGRSGS Mnk1 and Mnk2 24
S310-2: GYGGSSSSSSYGSGRR
PSF S8: SRDRFRSRGGGGGGEFH Mainly Mnk2 26
S283: GFKANLSLLRRPGE Mnk1 and Mnk2
Sprouty S112/121: PLSRSISTVSSGSRSSTRTSTSSSS Reported for Mnk1 28

The Mnk inhibitor CGP57380 was first identified
by Gram and colleagues, who subsequently used it to study
the role of eIF4E phosphorylation in cap-dependent and —
independent translation (30,31). Their approach involved
using bicistronic reporter vectors in transient transfection.
In such vectors, the first (more 5°) cistron is translated in a
cap-dependent manner while the second, placed after an
internal ribosome entry site, is translated in a cap-
independent manner. They showed that co-expression of
active Mnks enhanced eIF4E phosphorylation but impaired
cap-dependent relative to IRES-driven translation.
Consistent with the inhibitory effect on cap-dependent
translation, Mnk expression decreased protein synthesis
and clonal growth in human embryonic kidney 293 cells.
Conversely, treatment of cells expressing the bicistronic
reporter with CGP57380 slightly enhanced cap-dependent
translation, but in this case did not affect cap-independent
translation.

On the basis of these and other findings, it was
suggested that phosphorylation of e[F4E may be part of the
normal cycle of events involved in cap-dependent
translation. As discussed in (29) and then developed further
(32,33), phosphorylation of eI[F4E may occur at a certain
stage of the cap-dependent initiation process. eIF4E is part
of the initiation complex that also contains elF4G and the
Mnks: perhaps conformational changes within this complex
favour eIF4E phosphorylation at a certain point in the
initiation process. This might explain why a forced increase
in elF4E phosphorylation — due to overexpression of Mnks
— impairs cap-dependent translation (32,33). Such a model
would be consistent with the findings of Knauf ef al. (30).

Since the individual steps in cap-dependent
translation initiation are not yet clear, further work will be
needed to design experiments to test this idea. It is also
possible that the effects of the Mnks and CGP57380 are
related to other Mnk substrates, perhaps elF4G itself.

It is now clear that phosphorylation of elF4E
decreases its affinity for the capped mRNA (34). However,
the role of eIF4E phosphorylation in the control of
translation is still not understood. It has been reported that
the recovery of overall protein synthesis rates from osmotic
shock is not impaired by inhibition of the Mnks, implying
that it does not require phosphorylation of eIF4E (35).
However, these data did point to an impairment of
polysome assembly in cells treated with the Mnk inhibitor
CGP57380, raising the possibility that eIF4E
phosphorylation somehow contributes to polysome
formation.
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Mohr and colleagues have studied the possible
role of eIF4E  phosphorylation  during  viral
infection/replication. Inhibiting eIF4E phosphorylation
using CGP57380 dramatically decreased the replication of
herpes simplex virus-1 and the translation of viral mRNAs
in primary human cells (36). Interestingly, the effect of the
p38 MAP kinase o/f} inhibitor SB203580 was even greater,
suggesting that additional events dependent on these
kinases are involved in virus replication. The same group
subsequently reported that CGP57380 also greatly inhibited
the replication of human cytomegalovirus (37). As the
authors rightly point out, their data do not shed any light on
the role of elF4E phosphorylation in the shut-off of host
cell protein synthesis in virus-infected cells: rather, they
may reflect roles of eIF4E phosphorylation in ensuring
efficient translation of viral transcripts. Given that the
Mnks do have other substrates, any effects of CGP57380
may reflect alterations in the phosphorylation of those
proteins rather than elF4E. Furthermore, this compound
can inhibit other protein kinases (38) and such effects may
also account, at least in part, for some of the reported
effects of the Mnks.

Very recent data suggest that signalling through
PI 3-kinase can also provide a positive input to elF4E
phosphorylation, independently of the mammalian target of
rapamycin, mTOR (39): in fact, mTOR inhibition, likely by
inhibiting a negative feedback loop from mTOR (via S6
kinases) to PI 3-kinase, actually promotes eIF4E
phosphorylation. This finding was quite unexpected: as
noted above, the eIF4E-eIF4G-Mnk complex is critical for
efficient phosphorylation of eIF4E (4,14). By causing the
dephosphorylation of the 4E-BPs, and thereby increasing
their binding to eIF4E, agents such as rapamycin would be
expected to inhibit eIF4E phosphorylation — since elF4E
should now be unable to bind elF4G. This study did not
examine the impact of mTOR inhibition on the formation
of these complexes. However, the data do indicate that PI
3-kinase can positively regulate the Mnks, and data from
cells lacking Mnk1, Mnk2 or both indicate that both Mnk
isoforms can be controlled in this way. In combination,
rapamycin and CGP57380 exerted a much stronger growth-
inhibitory effect on a lung cancer cell line than either agent
alone (39). These data are of particular interest in view of
other findings that link eIF4E phosphorylation to events
that promote cell proliferation (e.g., export of specific
mRNAs from the nucleus (see below). See also Section 3.1.

3.2. Observations on the use of CGP57380
It should be noted that two major caveats apply to
the interpretation of data obtained using CGP57380. First,
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reliance on CGP57380 as the sole indicator of the
importance of the Mnks in a biological process may be
misleading, since the specificity of this inhibitor is not fully
established as recent data indicate that this compound can
also inhibit certain other protein kinases (38)). Additional
data is therefore essential to support the interpretation that
Mnks are involved in a given process. This could be
obtained from RNA interference-mediated knock-down of
Mnks or from expression of dominant interfering Mnk
mutants (see, e.g., (1,2)), although it would be important to
rule out that its expression affected other targets of the
ERKs/p38 MAP kinase af}, especially for Mnk2a, which as
discussed stably binds to active ERK, for example, and
could therefore interfere with other signalling components
downstream of ERK. The use of cells from Mnk knockout
mice (5) should provide valuable information. Second, it is
now clear that the Mnks phosphorylate other proteins in
addition to eIF4E, and therefore the effects of this
compound may reflect impaired phosphorylation of other
Mnk substrates. Nonetheless, CGP57380 can certainly be
used to help to rule out a role for eIlF4E in a process: if
CGP57380 does not affect it, then eIF4E phosphorylation is
unlikely to be required for the process under study.

3.3. eIF4G

elF4G is a scaffold protein that binds a range of
components of the translational machinery including the
Mnks themselves (4,14) and eIF4E. elF4G comprises a
number of distinct ‘domains’. Mnks bind to the C-terminal
part of eIF4G: this involves the polybasic motif in the N-
terminus of the Mnks (4,14,15). eIF4E binds near the centre
of the eIF4G molecule while e[F4G’s N-terminus interacts
with the poly- (A)-binding protein (PABP). These
interactions with proteins that engage the 5’-cap and the 3’-
poly (A) tail mean that e[F4G in effect facilitates the
circularization of the mRNA, a feature that is believed to be
important for efficient translation of the message (40).
elF4G also binds to eIF4A, an RNA helicase that is thought
to facilitate the translation of those mRNAs whose 5’-
untranslated regions (UTRs) contain substantial secondary
structure. By unwinding such structures, elF4A likely
facilitates the scanning process by which the 40S ribosomal
subunit locates the start codon (41).

Although it was suggested some time ago that
elF4G is a substrate for phosphorylation by the Mnks (14),
no further information on this has become available about
the location of the sites or the functional significance of
these modifications (Figure 2). Further work is clearly
needed to clarify both points.

3.4. Proteins that binds AU-rich elements
3.4.1. hnRNP Al

Many mRNAs that correspond to ‘immediate
carly’ genes, or encode cytokines or other immuno-
modulatory proteins contain, within their 3’-UTRs,
elements that are rich in A and U residues (hence ‘AU-rich
elements, AREs) (42). Expression of proteins encoded by
ARE-containing messages is subject to tight regulation and
at the post-transcriptional level this mainly involves the
ERK and p38 MAP kinase o/f pathways, which positively
control their production (43). The AREs regulate the
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stability and/or translation of the mRNAs through their
interaction with ARE-binding proteins (ARE-BPs). Several
ARE-binding proteins involved in mRNA translation and
turnover have been identified, although much less is known
about the upstream signalling pathways that regulate them.
There is extensive evidence that MK2, a protein kinase that
is activated by p38 MAP kinases a/f , controls the fate of
some ARE-containing mRNAs and phosphorylates ARE-
BPs such as TTP, HuR, hnRNP A0 or PABP. In contrast,
the link to ERK signalling is much less well-characterized.
The ERK pathway has been implicated in the translation of
neuronal mRNAs during synaptic activity (44), the nuclear
export of mRNAs such as TNFa (45) or Hdm2 (46) and the
translation of DICE (differentiation-control element)
containing mRNAs through the phosphorylation-dependent
cellular localization of hnRNPK (47). However, evidence
supporting the involvement of the ERK pathway in ARE-
dependent translational control of specific mRNAs is
limited. A recent paper established that not only p38
MAPK o/f but also ERK is required for TNFa
stabilization through the inhibition of TTP (48). However,
downstream of the ERK and the p38 MAPK pathways, the
Mnks have been implicated in the control of ARE-
containing mRNAs in T lymphocytes (24) as well as
macrophages (49,50). In T-cells, this may involve the
newly identified Mnk-substrate, the ARE-binding protein
hnRNP Al.

hnRNP Al, a major component of eukaryotic
heterogeneous nuclear RNA-ribonucleoprotein complexes,
is a very abundant nuclear protein that has an important
role in mRNA metabolism. Although it is primarily
nuclear, hnRNP A1l shuttles continuously between the
nucleus and the cytoplasm, and this involves the M9 motif,
which mediates the bidirectional transport of hnRNP Al
(51,52). hnRNP Al is a sequence-specific RNA binding
protein (53) that can regulate splice-site selection (54),
nuclear export of mature mRNAs (52) and internal
ribosome entry site-mediated translation (55,56), among
others. hnRNP Al is also an ARE-binding protein (57) and
has been implicated in controlling mRNA stability (58,59).

hnRNP Al undergoes several modifications
including phosphorylation. Osmotic stress via p38 MAPK
signalling results in the hyperphosphorylation and
cytoplasmic accumulation of hnRNP Al (60) to stress
granules (25). Recruitment of hnRNP Al to stress granules
probably involves Mnkl1/2-dependent phosphorylation of
mRNA-bound hnRNP A1, as dominant negative mutants
of Mnk1/2 block the stress-induced
hyperphosphorylation and cytoplasmic accumulation of
hnRNP Al. The stress-induced phosphorylation sites in
hnRNP A1 lie in a stretch of serines located adjacent to
the M9 motif, the sequence termed the F peptide (51).

The Mnks not only phosphorylate hnRNP Al
upon osmotic stress but also in response to T-cell
activation (24). In this paper, the authors identified
hnRNP Al as an ARE-binding protein that is also an
Mnk substrate. Mnks phosphorylate hnRNP A1l at two
sites in vitro, S192 and S310-312 (which fall within the
stress-induced phosphorylation region). T-cell activation



The Mnks

results in phosphorylation of hnRNP A1 at the Mnk sites
and this decreases the ability of hnRNP A1l to bind the
TNFa mRNA in vivo, perhaps thereby derepressing its
translation While Mnk-phosphorylation of hnRNP Al
upon osmotic stress causes its relocalisation to the
cytoplasm and an increase binding to poly (A) mRNA,
upon T-cell activation, Mnk-mediated hnRNP Al
phosphorylation does not promote hnRNP Al
accumulation into the cytoplasm but causes a decreased
binding of hnRNP Al to the TNFa mRNA. It is possible
that other modifications, including additional
phosphorylation sites, account for the differential
behaviour of hnRNP A1 in response to osmotic stress or
T cell activation.

Overall, Buxade et al. (24) provided several
lines of evidence that the Mnks play a key role in the
regulation of the translation of specific messages such
as TNFa by phosphorylating proteins that bind the
regulatory AREs in its 3’UTR such as hnRNP Al
(Figure 2).

3.4.2. PSF

PSF (polypyrimidine tract-binding protein (PTB)-
associated splicing factor) was first identified as a 100kDa
protein that forms a large complex with PTB necessary for
pre-mRNA splicing (61). Since then, multiple functions
have been attributed to PSF, a nuclear protein involved in
transcription and RNA processing.

Together with p54™, a nuclear DNA/RNA-
binding protein with and extensive homology to PSF, PSF
forms an heterodimeric transcription-splicing factor
implicated in nuclear processes such as transcription,
nuclear RNA processing, nuclear retention of edited RNA,
DNA relaxation, tumorigenesis, DNA double-strand break
rejoining, transcription termination and pre-mRNA
processing. Also involved in RNA metabolism, PSF/p54™®
positively regulate translation of the Myc family of onco-
proteins, being a novel IRES-transacting factor (ITAF)
specific for the myc IRES (62), inhibit HIV-1 mRNA
expression through binding to the HIV-1 cis-acting
instability elements (63) and are involved in the
posttranscriptional regulation of the COX2 mRNA,
regulating its alternative polyadenylation (64).

PSF and p54™ are both phosphoproteins. PSF is
N-terminally hyperphosphorylated on serine/threonine
during apoptosis, and this alters its protein-protein
interactions and relocalises it to alternative nuclear
structures. However, neither the kinase (s) nor the
mechanism involved has yet been identified (65). It has
also been reported that PSF and p54™ can be
phosphorylated in vitro by protein kinase C (PKC) and
that this inhibits their binding to RNA (66,67).
Moreover, PSF can be phosphorylated in vitro by SR
kinases within the N-terminus and SR phosphorylation
of PSF inhibits its binding to the polypyrimidine tract of
pre-mRNA introns (68). In addition, p54™ is multiply
phosphorylated by Cdkl and possibly by other kinases
during mitosis thereby regulating its binding properties
(69).
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More recently PSF has been identified as a novel
intracellular Mnk substrate and together with its partner
p54™ as a new binding complex for mRNAs that possess
AREs, such as those encoding for cytokines, immediate
early genes or other proteins involved in inflammation (26).

The Mnks phosphorylate PSF at two sites in
vitro, S8 and S283, and S8 is known to be phosphorylated
within cells in a Mnk-dependent manner. Interestingly,
Ser8 is preferentially phosphorylated by Mnk2, providing
the first evidence for differences between the specificities
of Mnk1 and Mnk2. Mnk-mediated phosphorylation of PSF
increases the in vivo binding of PSF to the TNFo mRNA,
suggesting that the Mnks may regulate the fate of specific
mRNAs by modulating their binding to PSF/p54™ (26).

PSF is thought mainly to participate in nuclear
events (reviewed in (70)) and the Mnk2b isoform is nuclear
(16). It is therefore attractive to speculate that its Mnk-
regulated ability to bind the TNFa mRNA (and likely other
ARE-containing mRNAs) plays a role in modulating the
nuclear processing of such mRNAs or their transport into
the cytoplasm. However, regulation at the level of
cytoplasmic mRNAs, similar to that reported for the c-Myc
mRNA (62), cannot be excluded.

3.5. cPLA,

Cytoplasmic phospholipase A2 plays a key role
in the production of eicosanoids, which play a number of
important roles especially in immunity and inflammation.
cPLA, releases arachidonate from glycerophospholipids
thereby providing the precursor for eicosanoid synthesis
cPLA, can be activated by Ca®-ions or by
phosphorylation. Phosphorylation occurs at least at two
main sites (S505 and S727) and is induced via signalling
through p38 MAP kinase o/ (27). Since these sites are not
followed by prolines (which are required for direct
phosphorylation by p38 MAP kinases), they were likely to
be targets for kinases that are activated by p38 MAP kinase
o/B. To test the role of Mnk1 in this, a mutant of Mnk1 in
which both T-loop threonines were mutated to alanine was
used. This mutant appears to act as a dominant negative (4)
and inhibited — albeit incompletely - arachidonate release
induced by interleukin-1 (27). Mnkl was also shown to
phosphorylate cPLA, at S727 in vitro (see Table 3). As
noted, this site is regulated in a p38 MAP kinase o/f-
dependent manner in living cells. These and other data
suggest that signalling through p38 MAP kinase o/p leads
via Mnkl to the activation of cPLA,. However, since
MSK1 and MKS5 (which are also downstream of p38 MAP
kinase a/f}) can also phosphorylate cPLA,, and since S505
is not a target for Mnkl, other links between p38 MAP
kinase and cPLA, appear to operate.

These data are of particular interest in the context
of the evidence that Mnk1 also regulates the production of
the pro-inflammatory cytokine TNFa (24,50). They
suggest that Mnkl may control both the synthesis of
cytokines and the activity of enzymes that generate other
modulators of inflammation, such as eicosanoids (Figure
2).
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3.6. Sprouty (hSpry2)

Sprouty (Spry) proteins belong to a group of
membrane-associated  proteins that suppress ERK
activation and/or signalling (71). In fact, Spry proteins also
appear to modulate additional signalling pathways but
show specificity in terms of the upstream activators whose
effects they modulate: for example, they block the
activation of ERK by fibroblast growth factor but not
epidermal growth factor (reviewed in (71)). Furthermore,
they exert both positive and negative effects on receptor
tyrosine kinase signalling. Knock-outs of individual Spry
proteins in mice reveal that Spryl and Spry2 serve quite
distinct functions.

Spry proteins are subject to phosphorylation on
serine and tyrosine. Recent work shows that Mnkl
phosphorylates Spry?2 at two sites, S112 and S121 (Table 3)
(28). Conversion of these residues to alanines caused the
destabilization of Spry2, as did expression of the inactive
‘T2A2’ mutant of Mnk1 which appears to act as a dominant
negative. The Mnk inhibitor CGP57380 also led to
degradation of Spry2, which is mediated by the
proteasome. Conversely, expressing a Mnk1 mutant which
exhibits increased activity led to the stabilization of Spry2.
Spry2 phosphorylation on serine also impairs its
phosphorylation at Y55, the docking site for c-Cbl, a
ubiquitin C3 ligase, providing a potential mechanism for
the stabilising effect of Mnk1-mediated phosphorylation.

The Mnkl-mediated phosphorylation of Spry2
thus provides a mechanism for prolonging the half-life of
Spry2 and thus its inhibitory effects on ERK signalling.
Interestingly, the closest relative of the Mnks in fruitflies,
LK6, was identified in a genetic screen as a modulator of
Ras/ERK signalling (72). Overexpression of dSpry2 has a
similar effect, which might be explained if LK6 stabilized
dSpry2 in a similar way to the effect of Mnkl on human
Spry2. The amino acid sequences of the N-termini of dSpry
and Spry?2 are not highly homologous, but the former does
contain serine and threonine residues in roughly similar
positions to S112/121 in Spry2, and might therefore be a
substrate for LK6.

In summary, the phosphorylation of Spry2 by
Mnk1 would serve to allow the extended operation of a
feedback mechanism that impairs or limits the activation of
ERK, at least in response to certain stimuli (Figure 2).

4. OTHER CELLULAR FUNCTIONS OF MNKS

4.1. Roles for the Mnks in cell survival and cancer?

The availability of cells (immortalized MEFs)
lacking the Mnks (5) has facilitated studies of their cellular
roles. For example, double knock-out MEFs (DKO; lacking
Mnkl and Mnk2) more readily undergo apoptosis in
response to serum withdrawal, as indicated by caspase 3
cleavage and annexin V binding, than either WT or single
Mnk knockout cells (i.e., lacking Mnkl or Mnk2) (73).
This is consistent with the observation that treatment of
WT MEFs with the Mnk inhibitor CGP57380 makes them
more sensitive to apoptosis upon serum-starvation.
Reintroducing Mnk1 or Mnk2 to the DKO MEFs enhances

5367

elF4E phosphorylation to similar levels, but only Mnkl
was found to decrease sensitivity to apoptosis. This is
puzzling as the Mnkl KO cells did not show altered
sensitivity to apoptosis but also suggests that the effects on
susceptibility to apoptosis are not related to the prevailing
levels of eIFAE phosphorylation. These data clearly suggest
a role for the Mnks, and likely for a specific Mnkl
substrate, in anti-apoptotic signalling. Earlier data (8)
pointed to a link between caspase-3 and Mnkl, in that the
active form of the protein kinase PAK-2, generated by
caspase-3 cleavage of a precursor, phosphorylates Mnkl
and this prevents Mnkl from binding to elF4G and
phosphorylating it. However, these effects are downstream
of caspase-3, while the data of Chrestensen et al. (73)
suggest Mnkl actually functions upstream of caspase-3
activation. Further work is clearly needed to study the links
between Mnk1 and cell death/survival.

Other recent data from the same group indicate a
possible role for the Mnks in breast cancer (74). For
example, the activities of Mnk1 and Mnk?2 are enhanced in
certain breast cancer cell lines that overexpress HER2.
HER2 (and EGFR) are involved in the development of
different epithelial and mesenchymal tumours such as
breast cancer. At present, HER receptors are targets for
different anti-tumour therapeutic strategies. These include
monoclonal antibodies against the extracellular domains of
HER?2 and EGFR or compounds that inhibit their tyrosine
kinase activity (75). The search for new targets and more
specific inhibitors are two of the most promising strategies
to improve these therapies.

Interestingly, treatment of AUS565 cells breast
cancer cells that over-expresses HER2 with CGP57380,
inhibited colony formation (74), while expression of an
inactive, and reportedly dominant-negative, Mnk1 mutant
inhibited the growth of leukemia cells. As Chrestensen et
al. (74) point out, their data suggest a role for the Mnks in
cell proliferation or invasiveness.

Very recent data support a role for elF4E
phosphorylation in  tumorigenesis, apparently by
suppressing apoptosis (76). Earlier work from the same
group had established a role of eIF4E in lymphomagenesis
(77). In the recent study, haematopoietic stem cells were
infected with retroviruses encoding different mutants of
elF4E were injected into irradiated mice, and mice were
examined for tumours. Consistent with earlier studies,
wildtype eIlF4E was tumorigenic and a S209D mutant of
elF4E displayed accelerated tumour formation, while the
non-phosphorylatable S209A mutant was less effective
than wildtype eIF4E. Although it should be noted that the
S209A mutant only weakly mimics the effect of S209
phosphorylation on the binding properties of eIF4E in vitro
(34), expression of an activated mutant of Mnkl (T332A)
also accelerated tumorigenesis, while a non-activatable
variant (with alanine mutations at the T-loop
phosphorylation sites) did not (76). These data are
consistent with eIF4E phosphorylation promoting tumour
formation: further analysis revealed that eIF4E (S209D)
and activated Mnkl both suppressed c-Myc induced
apoptosis. Conversely, cells from Mnk1/2 double knockout



The Mnks

mice showed an enhanced sensitivity to c-Myc’s pro-
apoptotic effects. The data further suggest that the effects
observed here may be related to increased expression of the
anti-apoptotic protein Mcl-1, apparently due to increased
translation of its mRNA. Thus, compounds that inhibit the
Mnks may have potential for anti-tumour drug
development.

4.2. Roles of Mnks and eIF4E phosphorylation in the
nucleus

How might the Mnks be working to promote
tumour formation, survival or growth? To date most work
has focused on their best known substrate, eIF4E, and its
potential roles in gene expression. As noted above, Mnk2b
is found within the nucleus and appears to associate with
the promyelocytic leukemia protein (PML), with which
elF4E also associates (78).

Of particular interest is the idea that eI[F4E may
play a role in the export of certain mRNAs from the
nucleus to the cytoplasm (79,80). Overexpression of eI[F4E
is observed in many kinds of cancers, and this seems to
correlate positively with ‘tumour aggression’ (81).
Artificial overexpression of elF4E has been known for
some time to help transform cells (82,83) and to increase
the cytoplasmic levels of certain mRNAs (84), including
the mRNA for cyclin D1. Extensive work from the Borden
laboratory has demonstrated that overexpression of elF4E
does indeed promote transport of the cyclin DI mRNA into
the cytoplasm. Their recent data indicate that eIF4E co-
ordinates the export of a set of mRNAs many of which are
involved in cell cycle control (79,85). The ability of eI[F4E
to regulate mRNA export is dependent of both its
phosphorylation state and a 4E-sensitivity element present
in the 3’-UTR of these mRNAs (84). It also involves the
nuclear shuttling protein CRM1, although details of the
mechanism involved remain to be established. In addition,
Phillips and Blaydes (86) demonstrated the importance of
the eIF4E phosphorylation for the export of the mRNA for
Hdm?2 and the expression of Hdm2 which was previously
identified as one of the transcripts regulated by elF4E .

To date, most attention has however been
devoted to the export of the cyclin DI mRNA. Analysis of
point mutants of eIF4E indicates that it does not need to be
able to interact with e[F4G, the partner with which it binds
to promote cap-dependent mRNA translation, but does
require an intact phosphorylation site at Ser209 (87). In
cells expressing a S209A/T210A mutant of eIF4E,
relatively less cyclin D1 mRNA was cytoplasmic (87).This
mutation did not however alter the nucleocytoplasmic
distribution of eIF4E itself. The finding that CGP57380
decreased the cytoplasmic levels of both cyclin D1 mRNA
and cyclin D1 protein levels is consistent with the idea that
phosphorylation of eIF4E is important for its ability to
export at least the cyclin D1 mRNA to the cytoplasm.

These data are potentially very important for
understanding the cellular roles of the Mnks and of elF4E
phosphorylation, and add further support to the idea that
targeting the Mnks may be of some value in cancer therapy.
However, extensive work is needed to understand the role
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of elF4E phosphorylation in mRNA export, and indeed
other roles that the Mnks play in the control of cell
proliferation and survival.

5. COMMENTS ON
SPECIFICITY OF THE MNKS

THE SUBSTRATE

Although several substrates for the Mnks have
now been identified (Table 3), comparison of the sequences
around the sites of phosphorylation reveals no obvious
consensus of the kind observed, e.g., for members of the
AGC family of kinases. However, many of the sequences
targetted by Mnks contain numerous serine (or threonine)
residues and most contain some basic residues. However,
unlike the situation for AGC kinases such as PKB, the
RSKs, and the S6 kinases, there is no pattern to their
distance from the residue (s) acted on by the Mnks, and
they occur on either the N- or C-terminal side of the
substrate residue. Since denatured eIF4E is a very poor
substrate for phosphorylation by the Mnks (Scheper, Parra-
Palau and Proud, unpublished data), it seems likely that
higher order structure plays a key role in substrate
recognition (at least for eIF4E).

6. Mnks IN NON-MAMMALIAN SYSTEMS

6.1. Drosophila LK6 and eIF4E phosphorylation

The protein kinase LK6 was first identified in a
screen using antisera raised against microtubule-associated
proteins from Drosophila melanogaster, antisera that also
recognises centrosomes (88). The antiserum was used to
screen expression libraries to identify microtubule-
associated centrosomal proteins. One of the cDNAs thus
identified encodes LK6. This protein contains, in addition
to a canonical protein kinase catalytic domain, an N-
terminal extension and a long C-terminal region, and has a
total molecular mass of around 200 kDa (88) (Figure 1A).
The C-terminal region contains a PEST sequence which
likely accounts for the rapid degradation of LK6. LK6 was
found to localise (at least in part) in centrosomes and to
bind to microtubules. In addition, overexpression of LK6
led to defects in microtubule organisation. Among human
protein kinases, the catalytic domain of LK6 is most closely
related (61% identical, 77% similar residues) to those of the
MAP kinase signal-interacting kinases Mnkl and Mnk2
(see also Figure 1A). LK6 is the closest homologue of the
Mnks in Drosophila.

elF4E from Drosophila contains a serine
(Ser251) in the position corresponding to Ser209 in
mammalian eIF4E and mutation of this residue to alanine
completely  prevents  phosphorylation  in  vivo.
Phosphorylation of this site appears to play an important
role in normal development and growth in Drosophila (89),
based on the phenotypes observed when this residue is
mutated.

Arquier and collaborators showed that eIF4E
phosphorylation is controlled by LK6 and that
phosphorylation appears to control cell size and number
(90,91). Work by Reiling et al. showed that LK6 is
dispensable for normal growth and development. However,
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under conditions of reduced dietary protein and oxidative
stress loss of LK6 affects cell number and size (92). Work
in this laboratory showed that LK6 phosphorylates
mammalian eIF4E in vivo and Drosophila eIF4E in vitro.
LK6 is activated by ERK signalling but not by the stress-
activated MAPK o/B pathway. Like the Mnks, LK6 also
binds to the scaffolding protein eIF4G which is crucial for
the phosphorylation of eIlF4E. However, although LK6
contains a polybasic motif and a NLS consensus at the N
and C-terminus similar to Mnk1 it failed to relocalise to the
nucleus after leptomycin B treatment suggesting that the
polybasic motif does not act as a NLS or other export
mechanisms may be involved in its cytoplasmic
localization (90,91).

6.2. eIF4E phosphorylation in Aplysia

The Sossin group has focused on the
phosphorylation of elF4E in the nervous system of the
mollusk, Aplysia californica. Translational control is of
interest in this context as mRNA translation is needed for
sensory neuron connections, but transcription is not. The
neurotransmitter serotonin (also termed 5-
hydroxytryptamine) increases protein synthesis rates in
sensory neurons in Aplysia: it is therefore important to
establish both how translation is activated and how it
contributes to neuronal function. Of particular relevance to
the present discussion are that serotonin decreases
phosphorylation of eIF4E (93). In Aplysia neurons, eIF4E
phosphorylation seems to be mediated via p38 MAP
kinase (rather than ERK). Dephosphorylation of eIF4E
in this system appears to be linked to a switch to cap-
independent translation (i.e., enhanced translation of the
mRNA for egg-laying hormone, which contains an
internal ribosome-entry site (IRES; (94)), as assessed
using mutants of eIF4E which are mutated at the
conserved phosphorylation site and an adjacent
phosphorylatable residue. The enhanced expression of
Aplysia Mnk, which enhances the phosphorylation of
elF4E, also inhibits cap-dependent translation (32,33).
The sequence of Aplysia Mnk shows its MAP kinase
binding site is more similar to that of Mnk1 than Mnk2,
but some other features may be shared with Mnk2, so it
is not possibly easy to say which one it more closely
resembles.

Interestingly, 5-HT did not affect the T-loop
phosphorylation of Aplysia Mnk, suggesting that it reduces
elF4E phosphorylation through other mechanisms. Most
importantly, overexpression of Mnk inhibited cap-
dependent translation more strongly than cap-independent
(IRES-driven) translation (32,33). These data are
reminiscent of those of Knauf er al. (30) which also
indicated that Mnks impair cap-dependent translation.

7. PERSPECTIVE

In the ten years since the first Mnks were
identified we have learned a good deal about their
fundamental properties, such as the control of their
activities and their subcellular localization. However,
although elF4E was identified as an Mnk substrate right
from the start, the physiological significance of this
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modification remains unclear. Several Mnk substrates
have now been identified including proteins that bind to
specific mRNAs, which play roles in immune and
inflammatory responses; including cPLA,, an enzyme
involved in generating inflammatory signals; and
modulators of tyrosine kinase signalling (Spry2).
However, the real physiological roles of the Mnks —
including any specific functions of individual isoforms,
remain unclear. There are growing indications that Mnks
may have function in inflammatory responses, and in
cell survival or proliferation, leading to tumorigenesis.
Features of the structures of their catalytic domains may
aid in the development of specific Mnk inhibitors which
may prove to be useful in treating inflammatory
conditions or as anti-cancer agents. Substantial further
work is first necessary to define more fully the cellular
roles played by the Mnks, including the functions of
specific isoforms.
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