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Mnkl and Mnk2 are protein kinases that are directly phosphorylated and activated by extracellular
signal-regulated kinase (ERK) or p38 mitogen-activated protein (MAP) kinases and implicated in the regu-
lation of protein synthesis through their phosphorylation of eukaryotic translation initiation factor 4E (eIF4E)
at Ser209. To investigate their physiological functions, we generated mice lacking the Mnkl or Mnk2 gene or
both; the resulting KO mice were viable, fertile, and developed normally. In embryonic fibroblasts prepared
from Mnk1-Mnk2 DKO mice, eIF4E was not detectably phosphorylated at Ser209, even when the ERK and/or
p38 MAP kinases were activated. Analysis of embryonic fibroblasts from single KO mice revealed that Mnk1
is responsible for the inducible phosphorylation of eIF4E in response to MAP kinase activation, whereas Mnk2
mainly contributes to eIF4E’s basal, constitutive phosphorylation. Lipopolysaccharide (LPS)- or insulin-
induced upregulation of eIF4E phosphorylation in the spleen, liver, or skeletal muscle was abolished in
Mnk1~/~ mice, whereas the basal eIF4E phosphorylation levels were decreased in Mnk2 ™'~ mice. In Mnkl-
Mnk2 DKO mice, no phosphorylated eIF4E was detected in any tissue studied, even after LPS or insulin
injection. However, neither general protein synthesis nor cap-dependent translation, as assayed by a bicistronic
reporter assay system, was affected in Mnk-deficient embryonic fibroblasts, despite the absence of phosphor-
ylated eIF4E. Thus, Mnk1l and Mnk?2 are exclusive eIF4E kinases both in cultured fibroblasts and adult tissues,
and they regulate inducible and constitutive eIF4E phosphorylation, respectively. These results strongly

suggest that eIF4E phosphorylation at Ser209 is not essential for cell growth during development.

Mitogen-activated protein kinases (MAPKSs) are activated
by various extracellular signals, such as growth factors, stresses,
and cytokines, and play crucial roles in the determination of
cell fate through proliferation, differentiation, survival, and
apoptosis (1, 5, 24, 38) Three classes of MAPK families, the
ERK, Jun N-terminal kinase/stress-activated protein kinase,
and p38 MAPK, are differentially activated depending on the
signaling context and in turn phosphorylate target proteins,
which include transcription factors and protein kinases. These
proteins can be common targets for subsets of MAPK proteins
or specific targets for individual MAPKs. The direct down-
stream protein kinases, comprehensively called the MAPK-
activated protein kinase (MAPKAPK) family, can be catego-
rized into four subclasses, the Rsk, MK, Mnk, and Msk
families. The Rsks (Rskl, Rsk2, and Rsk3) are activated spe-
cifically by ERKs, whereas the MKs (MK2/MAPKAPK2, MK3/
MAPKAPK3/3pK, and MK5/PRAK) are activated mainly by
p38 MAPK in vivo. In contrast, the Mnks (Mnkl and Mnk2)
and Msks (Mskl and Msk2) are targeted in vivo by both the
ERK and p38 MAPK pathways, resulting in the activation of
Mnks and Msks by a broad spectrum of extracellular stimuli.
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Mnkl (MAPK signal-integrating kinase 1/MAPK-interacting
kinase 1) and Mnk2 were identified independently by phos-
phorylation screening for ERK substrates and in a two-hybrid
screen for ERK-binding proteins (12, 60). Both Mnkl and
Mnk2 are directly activated in vitro by the ERK and p38
MAPK, which phosphorylate at least two threonine residues
(e.g., Thr197 and Thr202 of the mouse Mnk1) located in the
so-called activation loop (12, 46, 60, 61). Studies with cell lines
overexpressing Mnk cDNAs have shown that Mnkl is strongly
activated by growth factors, cellular stresses, and inflammatory
cytokines via ERK and/or the p38 MAPK, depending on the
signaling context, whereas Mnk2 has a relatively high basal
activity that is hardly affected by changes in MAPK activity (12,
46, 59, 60).

Although the physiological functions of Mnkl and Mnk2
remain unknown, several studies have demonstrated that one
of the Mnk substrates is eukaryotic translation initiation factor
4E (elF4E), also known as cap-binding protein. eIF4E specif-
ically binds the 5" m’GpppN cap structure found in all eukary-
otic mRNAs and plays a critical role in cap-dependent trans-
lation initiation as a central component of the eIFAF complex,
which also contains eIF4A and eIF4G, and this complex facil-
itates the assembly of the translation initiation complex con-
sisting of mRNA, elF3, eIF4F itself, and the 40S ribosomal
subunit (13). Formation of the eIF4F complex is negatively
regulated by 4E-binding proteins (4E-BPs), which bind eIF4E
and block its interaction with eIF4G and thus inhibit cap-
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dependent translation. Phosphorylation of 4E-BP through the
mTOR-dependent pathway liberates eIF4E from this inhibi-
tion (14). Elevated levels of eIF4E protein are observed in
various human cancers (7), and overexpression of eIF4E in
cultured cells causes malignant transformation (6, 27). Fur-
thermore, recent studies have shown that overexpression of
elF4E promotes tumor formation in vivo and cooperates with
c-Myc in lymphomagenesis, indicating that cellular levels of
elF4E are involved in controlling cell growth, survival, and
oncogenesis (44, 62). Previous studies showed that either
Mnk1 or Mnk2 can phosphorylate eIF4E at serine 209 in vitro
(40, 46, 60, 61) and that the phosphorylation of eIF4E is reg-
ulated in response to extracellular signals that activate ERK
and/or p38 MAPKSs in accordance with the activation spectrum
of Mnk1 (12, 33, 59, 60). Furthermore, the overexpression of
active Mnk1 or Mnk2 proteins increases the phosphorylation
of eIF4E, whereas the expression of a dominant-negative
Mnk1 mutant reduces the levels of eIFAE phosphorylation (46,
61). These results collectively established the notion that Mnk1
and Mnk2 are physiological eIF4E kinases that regulate cap-
dependent translation initiation in response to extracellular
signals (41, 47). This idea was also supported by the observa-
tion that Mnk1 and Mnk2 bind to eIF4G in vivo (40, 46, 61).

Serine 209, located near the C terminus, is the major eIF4E
phosphorylation site in rabbit reticulocytes and in serum-stim-
ulated hamster CHO or mouse NIH 3T3 cells (11, 18, 63).
However, the functional significance of Ser209 phosphoryla-
tion in translation initiation remains unclear. Since phosphor-
ylation of eIF4E is upregulated in response to growth factors
and cytokines, it has been postulated that eI[F4E phosphoryla-
tion plays a positive role in cell growth by stimulating trans-
lation efficiency. In accordance with this idea, in Drosophila,
a point mutation of the eIF4E phosphorylation site (Ser251,
corresponding to Ser209 in mammals) results in reduced
viability, developmental delay, and a reduction in body size
(25). Some other reports, however, do not necessarily sup-
port this idea. Increased eIF4E phosphorylation induced by
overexpression of active Mnks is reported not to facilitate
elF4F complex formation or general protein synthesis (16,
46). In addition, one study reported that a specific Mnkl
inhibitor, CGP57380, suppresses eIF4E phosphorylation but
has no effect on the de novo initiation of translation during
the recovery of cells from hypertonic stress (34). In another
report, the expression of active Mnkl or Mnk2 decreased
the level of cap-dependent translation relative to cap-inde-
pendent translation, suggesting a negative role for Mnks in
translational regulation (21).

To investigate the physiological functions of Mnkl and
Mnk2, we generated knockout (KO) mice by targeted disrup-
tion of their genes. Using these mice, we demonstrated that
Mnkl and Mnk2 are essential for the phosphorylation of
elF4E in embryonic fibroblasts and adult tissues and that they
play distinct roles in the regulation of eIF4E phosphorylation.
Surprisingly, however, not only the single KO mouse lines but
also the Mnk1-Mnk2 double KO (DKO) line were viable and
showed no apparent abnormalities or defects in translation.
These results strongly suggest that the phosphorylation of
elF4E is not essential for cell growth during development.
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MATERIALS AND METHODS

Cells and mice. Mouse R1 embryonic stem (ES) cells were cultured as de-
scribed previously (22). Primary embryonic fibroblasts were prepared from day
13.5 mouse embryos. After removing the head and internal organs, the remaining
tissues were cut into small pieces, and single cells were liberated by trypsin
digestion. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen) that was supplemented with 10% fetal calf serum (FCS; Invitrogen).
Embryonic fibroblasts at passage 3 or 4 were used throughout this study. Mice
were purchased from Charles River Japan, Inc. (Yokohama, Japan) or Nippon
SLC, Inc. (Shizuoka, Japan). All mice were housed in a specific-pathogen-free
facility at Osaka University Medical School, and all animal experiments were
carried out in accordance with protocols approved by the Osaka University
Medical School Animal Care and Use Committee.

Construction of targeting vectors and generation of KO mice. Mnk1 and Mnk2
genomic DNA clones were isolated by plaque hybridization of a mouse 129/Sv
genomic DNA library with full-length mouse Mnk1 and Mnk2 cDNA probes,
respectively. To construct targeting vectors, a neomycin resistance gene (Neo"
cassette) was inserted between the Munl site in intron 4 and the Avrll site in
intron 6 of the Mnk1 gene or between the Ncol site in intron 4 and the EcoT22I
site in intron 9 of the Mnk2 gene. The diphtheria toxin A fragment gene (DTA
cassette) for negative selection was ligated to the 3’ end of the 3’ homologous
arm.

Mouse R1 ES cells were transfected with the Mnk1 or Mnk?2 targeting vector
by electroporation, and G418-resistant clones were screened for homologous
recombination by PCR. ES clones carrying the single Mnk1- or Mnk2-targeted
allele were injected into BDF1 blastocysts, which were then implanted into
recipient ICR female mice. Chimeric mice with a high ES contribution were
crossed to C57BL/6 females. Germ line transmission was identified by coat color
and then confirmed by PCR. Single KO mice for either the Mnk1 or Mnk2 gene
were generated by crossing the respective heterozygous mice. Mnkl "/~
Mnk2~/~ DKO mice were generated by crossing Mnk1 ™/~ Mnk2*/~ mice with
Mnk1™/~ Mnk2™/~ mice.

PCR and Southern blot analyses. Genomic DNA for PCR was prepared from
tail snips. The genotype of the Mnk1 and Mnk2 genes was determined by PCR
with Taq polymerase (Amersham Biosciences) by using the GeneAmp PCR
system 9700 (Applied Biosystems). For the wild-type (WT) and mutant alleles of
the Mnk1 gene, a sense primer specific for the WT (5'-GACCCAGGAATGA
CACCTTC-3") or mutant (5'-GATTCGCAGCGCATCGCCTTCTATCG-3', a
sequence in Neo") allele was used with the Mnk1-specific antisense primer
(5'-GCGCAAACCACATGTGCTTT-3'). The WT and mutant alleles of the
Mnk2 gene were detected by PCR with the WT (5'-ATTGAGAAGCAGCTG
GGCCACATCCGCAGC-3') or mutant (5'-GATTCGCAGCGCATCGCCTTC
TATCG-3") sense primer and the Mnk2-specific antisense primer (5'-GTCGC
AGCGCTTGTCGTAGATGCTGGC-3").

For Southern hybridization, genomic DNA from an adult liver was digested
with Xbal (for Mnk1) or HindIII (for Mnk2), separated by agarose gel electro-
phoresis, and transferred to a BA8S nitrocellulose filter (Schleicher & Schuell).
Hybridization of the Mnkl gene was carried out by using the 0.68-kb Xbal-
PmaCI DNA fragment containing exon 3 as a probe. For Mnk2-specific hybrid-
ization, the 2.5-kb HindIII-Xbal fragment including exon 1 was used as a probe.

Stimulation of embryonic fibroblasts and preparation of cell extracts. Mouse
embryonic fibroblasts were seeded at 5 X 10° cells/well in a six-well plate and
grown in DMEM with 10% FCS for 24 h. Cells were serum starved in DMEM
containing 0.5% calf serum (CS) (starvation medium) for 20 h and then stimu-
lated with 12-O-tetradecanoylphorbol-13-acetate (TPA) (500 nM, 15 min), FCS
(25%, 15 min), anisomycin (10 pg/ml, 15 min), UV-C irradiation, tumor necrosis
factor alpha (TNF-o) (10 ng/ml, 30 min), interleukin-1g (IL-1B) (10 ng/ml, 15
min), or osmotic shock followed by isotonic recovery. In the experiment with
UV-C irradiation, cells in a six-well plate were washed once with phosphate-
buffered saline (PBS) prewarmed to 37°C, exposed to UV-C light at 40 J/m? with
a Stratalinker 2400 (Stratagene), and cultured in starvation medium for 20 min.
For osmotic shock, serum-starved cells were incubated for 30 min at 37°C in
starvation medium supplemented with an additional 0.2 M NaCl and then cul-
tured in normal starvation medium for 30 min at 37°C. After stimulation, the
cells were washed with ice-cold PBS and lysed in 1 ml of NP-40 lysis buffer (NLB;
50 mM HEPES-NaOH [pH 7.4], 150 mM NaCl, 1% NP-40, 10% glycerol, 1.5
mM MgCl,, 1 mM EGTA, 20 mM NaF, 20 mM B-glycerophosphate, 0.5 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride [PMSF], 10 U of aprotinin/
ml, and 10 pg of leupeptin/ml). The supernatant was recovered after centrifu-
gation for 10 min at 4°C.

For the preparation of tissue extracts, the spleen, liver, femoral muscle, and
brain were dissected from 8-week-old mice and a portion of each tissue (0.2 to
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FIG. 1. Targeted disruption of the mouse Mnk1 and Mnk2 genes.
(A and B) Schematic illustration of the exon organization of the Mnk1
(A) and Mnk2 (B) genes and targeting strategy. The exons of each
gene are indicated by filled boxes. The targeting vectors were designed
to replace exons 5 and 6 of the Mnk1 gene or exons 5 to 9 of the Mnk2
gene with a Neo' cassette. The diphtheria toxin A fragment gene (DTA
cassette) used for negative selection was placed at the end of the 3’
homologous arm. Probes used for Southern blot analysis are indicated
by hatched boxes. (C) Southern blot analysis of genomic DNA from
WT, Mnk1*/~ Mnk2"/~, and Mnkl ™/~ Mnk2™/~ mice. DNA was
digested with Xbal (left panel) or HindIII (right panel) and analyzed
by Southern hybridization with Mnk1 and Mnk2 probes, respectively.
As indicated in panel A, WT and targeted alleles of the Mnk1 gene
were predicted to result in bands at 4.9 and 6.1 kb, respectively,
whereas those of the Mnk2 gene were expected to result in 13- and
6.4-kb bands, respectively.

0.4 g) was homogenized in 1 ml of extraction buffer (20 mM HEPES-NaOH [pH
7.4],10% glycerol, 1 mM EGTA, 20 mM NaF, 20 mM B-glycerophosphate, 1 mM
PMSF, 10 U of aprotinin/ml, and 10 pg of leupeptin/ml) by using a plastic
homogenizer pestle (Kontes) in a microcentrifuge tube. The supernatant was
recovered after centrifugation for 30 min at 4°C.
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Antibody preparation and immunoblot analyses. Anti-Mnk1 and anti-Mnk2
antisera were prepared by immunizing rabbits with recombinant mouse Mnk1
(amino acid residues 1 to 415) or Mnk2a (residues 48 to 459) protein that had
been cleaved with thrombin from its respective glutathione S-transferase (GST)
fusion protein produced in Escherichia coli (BL21). Both antibodies were affinity
purified on glutathione-agarose beads that had been covalently coupled to GST-
Mnkl (residues 1 to 415) or GST-Mnk2a (residues 48 to 459) protein, respec-
tively.

For immunoblot analysis, 10 pg of fibroblast extract or 18 ug of tissue extract
were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane
filter (Immobilon-P; Millipore). For the immunoblotting of Mnk proteins, we
used affinity-purified anti-Mnk1 or anti-Mnk2 antibodies. Other antibodies used
were an anti-phospho-Mnk1 (Thr197/202) antibody (Cell Signaling), anti-phos-
pho-eIF4E (Ser209) antibody (Cell Signaling), anti-phospho-ERK antibody (an-
ti-active-MAPK; Promega), anti-phospho-p38 antibody (anti-active-p38; Pro-
mega), anti-phospho-HSP27(Ser82) antibody (Cell Signaling), and anti-eIF4E
monoclonal antibody (clone 87; Transduction Laboratories). Immunoblot detec-
tion was carried out with a horseradish peroxidase-conjugated anti-rabbit or
anti-mouse immunoglobulin antibody (Dako) and the enhanced chemilumines-
cence detection system (PerkinElmer).

Metabolic labeling of eIF4E. For the 3P in vivo labeling of eIF4E, 5 X 10°
embryonic fibroblasts were seeded into 35-mm-diameter dishes and grown in
DMEM with 10% FCS for 24 h. Cells were serum starved in phosphate-free
DMEM (Invitrogen) supplemented with 0.5% dialyzed CS and 0.6-mCi/ml
[3?PJorthophosphate (8,500 to 9,120 Ci/mmol; PerkinElmer) for 20 h and then
stimulated with 500 nM TPA for 15 min. Cells were washed twice with ice-cold
PBS and lysed in 0.9 ml of NLB, and the supernatant was recovered after
centrifugation for 10 min at 4°C. For the immunopurification of eIF4E, 1 pg of
an anti-eIF4E monoclonal antibody (clone P-2; Santa Cruz) and 20 pl of protein
G-Sepharose were added to 0.4 ml of the cell extract and incubated for 1 h at 4°C.
For affinity purification, 20 pl of m’GTP-Sepharose (Amersham Biosciences)
was added to 0.4 ml of the cell extract and incubated as above. The protein G-
or m’GTP-Sepharose resin was washed four times with 1 ml of NLB, suspended
in 50 pl of Laemmli’s sample loading buffer, and heated for 5 min at 95°C. After
centrifugation, 10 pl of the eluted proteins was resolved by SDS-PAGE, elec-
trotransferred to a PVDF membrane, and exposed to X-ray film for 18 h at
—80°C with an intensifying screen. After autoradiography, the filter was sub-
jected to immunoblotting with the anti-eIF4E antibody. For enhanced chemilu-
minescence detection, the filter was exposed to X-ray film for 2 s.

Protein synthesis measurements. Embryonic fibroblasts (3 X 10° cells) were
seeded into 35-mm-diameter dishes, grown in DMEM with 10% FCS for 24 h,
and then serum starved for 20 h. Cells were cultured in 0.8 ml of methionine/
cysteine-free DMEM (Invitrogen) supplemented with 0.5% dialyzed CS for 30
min, and then 0.2 ml of dialyzed FCS and 20 pl (40 nCi) of a [**S]methionine/
[?S]cysteine mixture (redivue Pro-mix L-[**S] in vitro cell labeling mix; Amer-
sham Biosciences) was added. After 90-, 120-, and 240-min incubations, the cells
were washed three times with ice-cold PBS and lysed in 0.4 ml of RIPA buffer (50
mM Tris-HCI [pH 8.0], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 50 U of aprotinin/ml, and
20 pg of leupeptin/ml). The supernatant was recovered after centrifugation for
10 min at 4°C. Cell extracts (20 pl) were diluted with 230 pl of water containing
10 pg of bovine serum albumin, mixed with 250 pl of 10% (wt/vol) trichloroacetic
acid (TCA), and heated for 15 min at 90°C to hydrolyze the aminoacyl-tRNA.
After incubation for 30 min on ice, each sample was passed through a glass fiber
filter (GF/C; Whatman), and the filter, containing the labeled polypeptides, was
washed three times with 5% TCA and once with ethanol and then air-dried. The
radioactivity was measured by scintillation counting with Ultima Gold scintilla-
tion cocktail (PerkinElmer).

Translation reporter assay. The bicistronic translation reporter plasmids,
pEF-FFL-IRES-SPL and pEF-SPL-IRES-FFL, were constructed by the sequen-
tial subcloning of firefly luciferase (FFL) cDNA from pGL3 (Promega), sea
pansy luciferase (SPL, also called Renilla reniformis luciferase) cDNA from
pRL-SV40 (Promega), and the internal ribosome entry site (IRES) sequence
from pIRES2EGFP (BD Bioscience Clontech) into the pEF-BOS-EX plasmid,
which carries the EF-1a enhancer/promoter as an expression driver.

Embryonic fibroblasts were seeded at 5 X 10* cells/well into a 24-well plate,
grown for 24 h, and transfected with 1 pg of either pEF-FFL-IRES-SPL or
pEF-SPL-IRES-FFL plasmid by the calcium phosphate coprecipitation method.
At 5 h after transfection, the medium was changed to fresh DMEM with 10%
FCS and further cultured for 36 h. Cell lysates were prepared and assayed for
FFL and SPL activities by using the dual-luciferase reporter assay system (Pro-
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TABLE 1. Genotype analysis of progeny

Cross Genotypes (% of progeny) Total no. of progeny
Mnk1™/~ X Mnk1*/~ Mnk1™/* (24), Mnk1*/~ (51), Mnk1~/~ (25) 216
Mnk2*/~ X Mnk2*/~ Mnk2*/* (33), Mnk2*/~ (40), Mnk2~/~ (27) 119
Mnk1~/~ Mnk2"™/~ X Mnk1*/~ Mnk2~/~ Mnk1™/~ Mnk2™/~ (25), Mnk1*/~ Mnk2™/~ (23), 459

Mnk1~/~ Mnk2*/~ (21), Mnk1~/~ Mnk2~/~ (31)

mega). The error bars in the figures indicate standard errors of the mean of the
results from two independent transfection experiments.

RESULTS

Generation of Mnkl and Mnk2 KO mice. The targeting
constructs for the mouse Mnk1 and Mnk2 genes are shown in Fig.
1A and B. By sequence analysis of the mouse Mnk2 gene locus
and reverse transcription-PCR analysis of the RNA from embry-
onic fibroblasts, we found that the mouse Mnk?2 gene encodes, in
its exons 1 and 2, a 47-amino-acid extension (MVQKRTAELQ
GFHRSFKGQNPFELAFSLDLAQHRDSDFSPQCEA
RPD) to the N terminus of the previously published Mnk2
coding sequence (60). The N-terminal extension is highly
conserved in the rat and human Mnk2a proteins (50), indi-
cating that the entire coding sequence (459 amino acids),
including this extension, represents a mouse Mnk2a homo-
logue (data not shown) (DDBJ/EMBL/GenBank accession
number AB164081).

In each targeting construct, exons 5 and 6 of the Mnk1 gene
(chromosome 4) or exons 5 to 9 of the Mnk2 gene (chromo-
some 10) were replaced with a neomycin resistance gene cas-
sette. Mouse ES cell clones containing either the Mnkl1- or
Mnk2-targeted allele were identified by PCR and Southern
blot analyses and used to generate KO mice. Mating of either
the Mnk1™/~ or Mnk2™/~ heterozygous mice yielded healthy
littermates of three genotypes (+/+, +/—, and —/—) at Men-
delian frequencies (Table 1). Both the Mnk1 ™/~ and Mnk2 "/~
single KO mice were viable and fertile with no apparent ab-
normalities for at least 12 months after birth. We then gener-
ated mice heterozygous for both Mnk1- and Mnk2-disrupted
alleles by mating the Mnkl and Mnk2 single KOs, and the
doubly heterozygous mice were further intercrossed to yield
DKO mice. Like the single KO mice, Mnk1 ™/~ Mnk2~/~ DKO
mice were born normally, were fertile, and did not show de-
velopmental abnormalities or morbidity for at least 8 months
after birth. The mating of Mnk1*/~ Mnk2™/~ and Mnkl '~
Mnk2*/~ mice yielded littermates of the four genotypes at
nearly the same frequencies, indicating independent segrega-
tion of the KO alleles with Mendelian inheritance (Table 1).
The chromosomal structure of the targeted genes in the KO
mice was confirmed by Southern blot analysis of the genomic
DNA prepared from WT, doubly heterozygous, and DKO
mice (Fig. 1C).

A single Mnk1 protein and two isoforms of Mnk2, Mnk2a
and Mnk2b, have been identified in human cells (12, 49, 50),
but there has been no report of the characterization of the
endogenous protein products of the mouse Mnk1l and Mnk2
genes. To examine the expression of the Mnkl and Mnk2
proteins in mice, we prepared rabbit antibodies against the
mouse proteins and analyzed spleen extracts from WT and KO
mice by immunoblotting with these antibodies (Fig. 2). On the

blot with the anti-Mnk1 antibody, a single Mnk1 protein of
about 47 kDa was detected in the spleen extracts from WT and
Mnk2 KO mice (lanes 1 and 3) but not in the extracts from
Mnkl KO or DKO mice (lanes 2 and 7). In contrast, the
anti-Mnk?2 antibody detected two protein products that were
present in the WT and Mnk1 KO extracts (lanes 1 and 2) but
absent in the extracts from Mnk2 KO and DKO mice (lanes 3
and 7). The large product (about 51 kDa) is thought to be an
Mnk2a product whose calculated molecular size is 51.6 kDa.
The small product is likely to be the counterpart of an Mnk2
splice variant, Mnk2b, identified in human cells (49, 50), al-
though we have not been able to find mouse cDNA sequences
that would encode the Mnk2b-specific C-terminal region in the
DNA sequence databases. The anti-Mnk2 antibody cross-re-
acted with Mnk1, which was confirmed by the immunoblotting
of bacterially produced recombinant Mnk1 and Mnk2 proteins
(data not shown). Mice heterozygous for the KO alleles (lanes
4 to 6) showed reduced protein levels of Mnk products, indi-
cating that expression of the Mnk proteins in the spleen is
faithfully dependent on the gene dosage.

Mnks are essential for the phosphorylation of eIF4E in
embryonic fibroblasts. We next investigated the phosphoryla-
tion of eIF4E in primary embryonic fibroblasts prepared from
embryonic day 13.5 KO embryos in response to MAPK acti-
vation. Expression of the single Mnk1 protein and two Mnk2
proteins was detected in the WT mouse embryonic fibroblasts
(Fig. 3B). To examine activation of the Mnk proteins, we
utilized an anti-phospho-Mnk1 (Thr197/202) antibody, which
recognizes the Mnkl protein phosphorylated at Thr197 and
Thr202 and cross-reacts with the phosphorylated Mnk2 pro-

Mnk1 (+4) () (#) (+R) (+) () ()
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FIG. 2. Expression of the Mnkl and Mnk2 proteins in the spleen.
Spleen extracts from WT and KO mice were analyzed by immunoblot-
ting with an anti-Mnk1 (upper panel) or an anti-Mnk2 (lower panel)
antibody. Mouse genotypes are indicated at the top.
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FIG. 3. Phosphorylation of eIF4E by Mnkl and Mnk2 in mouse embryonic fibroblasts. (A) Fibroblasts prepared from WT or DKO embryos
were serum starved for 20 h and either left unstimulated (—) or stimulated with FCS (25%, 15 min), TPA (500 nM, 15 min), anisomycin (10 pg/ml,
15 min), UV-C irradiation (40 J/m?, then incubated for 20 min), TNF-« (10 ng/ml, 30 min), IL-18 (10 ng/ml, 15 min), or osmotic shock (additional
0.2 M NaCl, 30 min) followed by isotonic recovery (30 min). Cells growing exponentially in DMEM containing 10% FCS were prepared in parallel
(growing). Cell lysates (10 pg protein) were analyzed by immunoblotting with anti-phospho-Mnk1 (Thr197/202), anti-phospho-eIF4E (Ser209),
anti-eIF4E, anti-phospho-ERK, anti-phospho-p38, and anti-phospho-HSP27/25 antibodies, as indicated on to the right of the panel. The positions
of the phospho-Mnk1 and -Mnk2 proteins are indicated by filled and open arrowheads, respectively. (B) Embryonic fibroblasts of the indicated
genotypes were treated as described for panel A, and cell lysates (10 wg of protein) were analyzed by immunoblotting with anti-phospho-eIF4E
(Ser209), anti-eIF4E, anti-Mnk1, and anti-Mnk2 antibodies. The asterisks indicate nonspecific signals (ns). (C) Embryonic fibroblasts from WT,
Mnk1 KO (1-KO), Mnk2 KO (2-KO), or DKO mice were radiolabeled with [**PJorthophosphate under serum-starved conditions for 20 h and then
stimulated with 500 nM TPA for 15 min. eIF4E was purified from cell extracts by either m’GTP-Sepharose affinity resin or immunoprecipitation
with an anti-eIF4E monoclonal antibody. Samples were resolved by SDS-PAGE, electrotransferred to a PVDF membrane, and exposed to an
X-ray film for autoradiography (upper panel). The filter was then subjected to immunoblotting with the anti-eIF4E antibody (lower panel). IgL,
immunoglobulin light chain; circled P, phospho.

tein. As shown in Fig. 3A, Mnk1 was barely phosphorylated in
growing or serum-starved fibroblasts (lanes 1 and 2) but was
inducibly phosphorylated upon the stimulation of cells with
FCS, TPA, anisomycin, UV-C irradiation, TNF-a, IL-1B, and
osmotic shock (NaCl) (lanes 3 to 9). In contrast, nearly con-
stant levels of phosphorylated Mnk2 proteins were detected
irrespective of stimulation. These bands were absent in the
immunoblots of extracts from Mnk1-Mnk2 DKO embryonic

fibroblasts (lanes 10 to 18), confirming the specificity of the
anti-phospho-Mnk1 antibody. Immunoblotting with anti-phos-
pho-ERK and anti-phospho-p38 antibodies revealed that FCS
and TPA preferentially activated ERK, whereas anisomycin
and UV strongly activated p38 MAPK and weakly activated
ERK. TNF-a, IL-1B, and osmotic shock activated both ERK
and p38 modestly. In accordance with results from earlier
studies (12, 59, 60), these results demonstrate that, depending
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on the extracellular stimulus, the ERK and/or p38 MAPKs are
differentially activated and in turn phosphorylate Mnk1 in em-
bryonic fibroblasts. Immunoblotting of WT fibroblasts with
anti-phospho-eIF4E (Ser209) revealed that eIF4E was weakly
phosphorylated in growing and serum-starved cells and be-
came highly phosphorylated in response to all extracellular
stimuli tested (lanes 1 to 9). On the other hand, Ser209 phos-
phorylation was not detected in DKO fibroblasts under any
conditions (lanes 10 to 18). Immunoblotting with an anti-
elF4E antibody showed the same expression levels of the
elF4E protein in WT and DKO fibroblasts. Furthermore, the
activation spectrum of the ERK and p38 MAPKSs in response
to extracellular stimulation was similar, and HSP25, a direct
target of MAPKAPK2, was properly phosphorylated in the
DKO as well as the WT cells, suggesting that the absence of
Mnk proteins in the DKO fibroblasts did not have a deleteri-
ous effect on MAPK signaling pathways other than on the
Mnks themselves.

Mnkl and Mnk2 play distinct roles in regulating eIF4E
phosphorylation. Earlier studies showed that Mnk?2 has a high
basal activity but is relatively insensitive to the activation of
ERK and p38 MAPKs (21, 46). Our anti-phospho-Mnk immu-
noblotting results also suggested that the activation state of
Mnkl is tightly regulated by these MAPKs, whereas Mnk?2 is
constitutive. To examine whether the two Mnks play distinct
roles in phosphorylating eIF4AE under various conditions, we
analyzed the phosphorylation of eIF4E in embryonic fibro-
blasts that possessed different combinations of Mnkl and
Mnk2 KO alleles (Fig. 3B). Under the serum-starved condi-
tion, eIF4E was phosphorylated at comparable levels in WT
and Mnk1~/~ Mnk2*/* fibroblasts (lanes 1 and 2) but at much
lower levels in Mnk1 ™" Mnk2 /" fibroblasts (lane 3). In con-
trast, under conditions in which ERK and/or p38 MAPKs were
rapidly activated, the phosphorylation of eIF4E was equally
induced in WT, Mnk1*" Mnk2~/~, and Mnk1™~ Mnk2 '/~
fibroblasts (lanes 1, 3, and 4), but no increase in phosphoryla-
tion was observed in the Mnkl ™/~ Mnk2** and Mnkl "/~
Mnk2"/~ fibroblasts (lanes 2 and 5). These results indicate that
Mnkl1 plays an essential role in the inducible phosphorylation
of eIF4E in response to extracellular signals that are trans-
duced through MAPKSs, whereas Mnk2 is involved in the con-
stitutive phosphorylation of eIF4E when MAPK activities are
low. Interestingly, in Mnkl1 ™/~ Mnk2*/* and Mnkl /'~
Mnk2"/~ fibroblasts, eIF4E phosphorylation decreased upon
stimulation compared with its phosphorylation under the se-
rum-starved condition (lane 2 and 5). This observation may
indicate that the activation of MAPKs promotes the dissocia-
tion of Mnk2 from the eIF4G/eIF4E complex, which results in
the subsequent dephosphorylation of eIF4E when Mnkl is
absent.

To confirm the results obtained by anti-phospho-eIF4E
(Ser209) immunoblotting, we carried out metabolic labeling of
elF4E with [**PJorthophosphate and analyzed the incorpora-
tion of radioactivity into eIF4E after stimulation with TPA. As
shown in Fig. 3C, we purified eIF4E from cell lysates either
with m’GTP-Sepharose or by immunoprecipitation with an
anti-eIF4E antibody, which resulted in similar patterns. In the
WT fibroblasts, eIFAE was phosphorylated at a basal level after
serum starvation and became further phosphorylated upon
TPA stimulation. In Mnkl KO cells, however, eIF4E phos-
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phorylation remained at the basal level, even after stimulation.
In clear contrast, Mnk2 KO cells showed a lower level of basal
phosphorylation but TPA-dependent induction of eIF4E phos-
phorylation that was comparable to that in the WT cells. Nei-
ther basal nor induced phosphorylation was detected in the
DKO fibroblasts. A control immunoblot with the anti-eIF4E
antibody showed that the same amount of eIF4E was recov-
ered from every cell extract. These results confirmed the dis-
tinct roles of Mnk2 and Mnk1 in the constitutive and inducible
phosphorylation of eIF4E, respectively. Furthermore, the ab-
sence of *P radioactivity in eIF4E in DKO cells indicated that
Mnk1 and Mnk2 are exclusive eIF4E kinases, at least in em-
bryonic fibroblasts, which is consistent with previous studies
demonstrating that Ser209 is the major and perhaps the only
phosphorylation site of eIF4E (11, 18, 63).

Mnks are essential for steady-state and inducible phosphor-
ylation of eIF4E in vivo. We next examined the expression of
Mnk1 and Mnk2 proteins and the phosphorylation of eIF4E in
several tissues of the KO mice. As shown in Fig. 4A, immuno-
blot analysis revealed that both the Mnk1 and Mnk2 proteins
were highly expressed in the spleen and modestly expressed in
the liver and muscle, although the expression of Mnk2a in
muscle could not be determined because of a nonspecific band
of the same molecular size. In the brain, relatively low levels of
Mnk1 and Mnk2 were expressed, as previously suggested by
Northern analysis (60). In accordance with the ubiquitous ex-
pression of Mnks, basal levels of eIF4E phosphorylation were
detected in all of the WT tissues studied. The phosphorylation
levels of eIF4E were partially reduced in the Mnk1 and Mnk2
single KO mice and completely abolished in the DKO mice,
indicating that both kinases contribute to the steady-state
phosphorylation of eIF4E. Although a band comigrating with
elF4E was seen in the anti-phospho-eIF4E blot of the liver
extract from DKO mice, by performing immunoblotting after
affinity purification of the eIF4E with m’GTP-Sepharose, we
confirmed that this was not phosphorylated eIF4E but rather a
nonspecific signal because no eIF4E phosphorylation was de-
tected under these conditions (Fig. 4A, bottom panels).

We next addressed whether the two Mnks play distinct roles
in the regulation of eIF4E phosphorylation in adult tissues, as
they do in embryonic fibroblasts. For this purpose, Mnk1*/~
Mnk2 /" mice were mated with Mnk1 ™/~ Mnk2"/~ mice, and
the resulting littermates at 8 weeks of age were administered
lipopolysaccharide (LPS). LPS treatment induced the activa-
tion of ERK and p38 in the spleen 1 h after injection (Fig. 4B,
lanes 1 to 8). Accordingly, phosphorylation of Mnkl and
elF4E was induced in the Mnk1™/~ Mnk2*/~ and Mnk1*/~
Mnk2 ™/~ mice (lanes 1 to 4). In contrast, the basal levels of
Mnk2a and eIF4E phosphorylation in Mnk1~/~ Mnk2"/~ mice
did not change after LPS injection (lanes 5 and 6). Phosphor-
ylated eIF4E was undetectable in the Mnkl1™/~ Mnk2™/~
DKO mice, even after LPS treatment (lanes 7 and 8). Similar
results were observed with immunoblots of liver extracts (lanes
9to 16). We also tested the effects of insulin injection on eIF4E
phosphorylation (Fig. 4C). Although we could not estimate
activation of ERK or p38 in muscle and liver by immunoblot-
ting, because there was a high background of nonspecific bands
at around 40 kDa, insulin administration resulted in upregu-
lation of both Mnk1 and eIF4E phosphorylation in these tis-
sues from Mnk1*~ Mnk2*/~ and Mnk1™~ Mnk2~/~ mice
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FIG. 4. Phosphorylation of eIF4E by Mnk1 and Mnk2 in mouse tissues. (A) Tissue extracts (18 pg of protein) prepared from WT, Mnk1l KO
(1K), Mnk2 KO (2K), and DKO (DK) mice were analyzed by immunoblotting with anti-Mnk1, anti-Mnk2, anti-phospho-eIF4E (Ser209), and
anti-eIF4E antibodies. eIF4E was also purified from liver extracts with m’GTP-Sepharose and analyzed similarly by immunoblotting (left side,
bottom panels). The asterisks indicate nonspecific signals (ns). (B) LPS-stimulated activation of Mnk1 and upregulation of eIF4E phosphorylation.
Mnk1-Mnk2 KO mice (8 weeks old) received an intraperitoneal injection of LPS (100 pg/g of body weight, from E. coli O55:B5; Sigma). Sixty
minutes after injection, the spleen and liver were dissected, and their extracts were analyzed by immunoblotting with the indicated antibodies.
(C) Insulin-stimulated activation of Mnk1 and upregulation of eIF4E phosphorylation. Following an overnight fast, Mnk1-Mnk2 KO mice (8 weeks
old) were injected intravenously with human insulin (100 mU/g of body weight, Novolin R; Novo Nordisk). Fifteen minutes after injection, the
femoral muscle and liver were dissected, and their extracts were analyzed by immunoblotting with the indicated antibodies. Circled P, phospho.

(lanes 1 to 4 and 9 to 12). However, phosphorylation of eIF4E
was constant in the Mnk1 ™/~ Mnk2*/~ mice and totally absent
in the DKO mice (lanes 5 to 8 and 13 to 16). These results
collectively indicate that the Mnks are indeed exclusive eIF4AE
(Ser209) kinases in adult tissues and that Mnk2 and Mnk1 are
responsible for the constitutive and inducible phosphorylation,
respectively.

Elimination of the Mnks does not affect global protein syn-
thesis in embryonic fibroblasts. We next examined the effect of

Mnk deficiency on protein synthesis. Primary embryonic fibro-
blasts were serum starved for 20 h and then stimulated with
20% FCS, and the rate of protein synthesis was determined by
incorporation of [**S]methionine and [**S]cysteine into the
TCA-insoluble polypeptide fraction. As shown in Fig. 5A, the
time course of *>S incorporation revealed that the basal level of
protein synthesis under the serum-starved condition was sim-
ilar in the WT and DKO fibroblasts. Stimulation of cells with
FCS enhanced the S incorporation into polypeptides to a
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lysates analyzed in panel A were resolved by SDS-PAGE and subjected
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similar extent in these fibroblasts. These data show that the
absence of Mnkl and Mnk2 does not significantly affect the
basal or serum-stimulated global protein synthesis. SDS-
PAGE analysis of proteins from **S-labeled embryonic fibro-
blasts showed a general increase in the intensity of radiola-
beled proteins after FCS stimulation and no detectable
differences in the synthesis of any individual proteins between
the WT and DKO fibroblasts (Fig. 5B).

Knauf et al. showed that expression of constitutively active
mutants of Mnkl and Mnk2 decreased the cap-dependent
translation relative to cap-independent translation by using a
bicistronic luciferase reporter system (21). To examine
whether the absence of eIF4E phosphorylation affected the
cap-dependent translation efficiency, we employed a similar
reporter system, in which two reporter cistrons, FFL and SPL,
are separated by an IRES (21, 39). In the pEF-FFL-IRES-SPL
construct, translation of the FFL cistron is cap dependent,
whereas the SPL cistron is translated by the cap-independent,
IRES-directed initiation (Fig. 5C, left). Transfection of WT
fibroblasts with this plasmid resulted in an average ratio (2.05)
of relative luciferase light units of FFL and SPL. All of the
other fibroblasts, Mnkl KO, Mnk2 KO, and DKO cells,
showed similar ratios of FFL and SPL activities. When the
reporter assay was carried out with the reciprocal construct,
pEF-SPL-IRES-FFL, the average ratio of SPL light units to
FFL light units was 2.62 = 0.13 in all fibroblasts tested (Fig.
5C, right). These results suggest that the elimination of eIF4E
phosphorylation does not affect the cap-dependent translation
relative to cap-independent translation in embryonic fibro-
blasts.

DISCUSSION

A previous study isolated mouse Mnk2 cDNA encoding a
412-amino-acid protein (60), but later, the identification of
human Mnk2a cDNA suggested that the reported mouse
Mnk? clone might be a partial cDNA or a splice variant lacking
the N-terminal region (49, 50). In this report, we have identi-
fied a ¢cDNA sequence and chromosomal exons for mouse
Mnk2a that include the N-terminal 47-amino-acid extension.
By immunoblot analyses of tissues from WT and KO mice, we
showed that, in addition to Mnk2a, a small Mnk2 product of
about 44 kDa is expressed in various tissues and embryonic
fibroblasts. Although the small product is likely to be a mouse
counterpart of human Mnk2b that is produced by an alterna-
tive usage of the last exon (exon 13), encoding the C-terminal
region (49, 50), we were not able to find a DNA sequence that
would carry the Mnk2b-specific coding region in the Mnk2
gene locus we have sequenced or in databases for the mouse

to fluorography with ENLIGHTNING (PerkinElmer). (C) WT, Mnk1
KO (1-KO), Mnk2 KO (2-KO), and DKO embryonic fibroblasts were
transfected with the bicistronic reporter plasmid pEF-FFL-IRES-SPL,
and after incubation for 36 h at 37°C, the FFL and SPL activities were
measured. The ratio of FFL light units to SPL light units in each
sample was calculated, and the averages of the results from two inde-
pendent experiments are shown (left panel). The same reporter assay
was carried out with the reciprocal construct, pEF-SPL-IRES-FFL,
and the results are shown as the ratio of SPL light units to FFL light
units (right panel).
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DNA sequence, and therefore, we cannot exclude the possi-
bility that the smaller product is generated by some other
splicing.

Previous studies have demonstrated that Mnkl and Mnk2
phosphorylate eIF4E at Ser209 in vivo (21, 46, 49, 61). How-
ever, it has not been clear whether other protein kinases are
also involved in the phosphorylation of eIF4E. It was previ-
ously reported that protein kinase C and MK3/MAPKAPK3/
3pK, both of which are activated by extracellular stimuli, could
phosphorylate eIF4E at least in vitro (33, 61, 63). Here, we
unequivocally demonstrate that both Mnkl and Mnk2 are
physiological eIF4E kinases, not only in cultured fibroblasts
but also in mouse tissues such as spleen, liver, muscle, and
brain. We did not detect even a trace amount of phosphory-
lated eIF4E in embryonic fibroblasts or tissues from DKO
mice by immunoblot analysis with an anti-phospho-4E
(Ser209) antibody. The metabolic labeling of eIF4E with
[**PJorthophosphate showed that the phosphorylation level of
elF4E in DKO fibroblasts was very low, if there was any, by
comparison with WT and single KO cells. The latter result
confirmed the findings from the immunoblot analysis and also
supported the previous conclusion that Ser209 is the major and
perhaps the only phosphorylation site of eIF4E in vivo (11, 18,
63). Therefore, it is likely that Mnks are the only physiological
protein kinases that phosphorylate eIF4E.

Analyses of the single KO mice indicated that the protein
kinase activities of Mnk1 and Mnk2 are differentially regulated
by changes in MAPK signaling. In Mnk2 KO fibroblasts and
tissues, the basal level of eIF4E phosphorylation was very low,
but the induction of eIF4E phosphorylation was comparable to
that of WT cells. In contrast, the inducible phosphorylation of
elF4E was completely lost, but the basal phosphorylation was
not impaired in Mnk1l KO cells. These results indicated that
the dynamic regulation of Mnk1 activity by MAPKs determines
the magnitude of the changes in the phosphorylation state of
elF4E, whereas the basal phosphorylation of eIF4E is directed
primarily by Mnk2, whose activity is relatively constant even
when MAPK activities are perturbed. This is consistent with an
earlier report that Mnk2 has a high level of basal activity and
is less sensitive to changes in the MAPK signaling status than
Mnk1 (46). Considering that phosphorylation of at least three
threonine sites by MAPKSs is likely to be essential for Mnk2
activity (46), these results suggest that Mnk?2 is more suscep-
tible than Mnk1 to low levels of MAPK activity and/or is less
sensitive to the protein phosphatase(s) that inactivates Mnks.

The biological significance of eIF4E phosphorylation is not
well understood. Recently, a positive function of eIF4E phos-
phorylation in cell growth was suggested by the finding that, in
Drosophila melanogaster, a point mutation of the phosphoryla-
tion site (Ser251) of eIF4E resulted in reduced viability, de-
velopmental delay, and reduction in adult body size (25). In the
present study, however, DKO mice, which showed no detect-
able eIF4E phosphorylation, were born normally and were
fertile. We found no apparent differences in the morphology or
size of the tissues between WT and DKO mice. Furthermore,
primary fibroblasts from DKO embryos grew normally and
showed no difference in general protein synthesis compared
with WT fibroblasts. These facts strongly suggest that, at least
in mammals, the phosphorylation of eIF4E is not required for
cell growth and ontogenic development.
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Previous studies have not reached a consensus on the phys-
iological function of eIF4E phosphorylation in the regulation
of protein synthesis. On one hand, it has been suggested that
the phosphorylation of eIF4E is likely to play a role in enhanc-
ing the eIF4F assembly and subsequent translation initiation.
The activation of cap-dependent mRNA translation in re-
sponse to growth-stimulatory signals correlates with increased
elF4E phosphorylation, whereas the inhibition of protein syn-
thesis resulting from heat shock, osmotic stress, or viral infec-
tion correlates with the dephosphorylation of eIF4E (3, 4, 9,
10, 13, 20, 32, 33, 59). On the other hand, recent studies have
suggested that the phosphorylation of eIF4E is not sufficient or
required for the upregulation of general protein synthesis (30).
The expression of active Mnk1 or Mnk?2 increased eIF4E phos-
phorylation but did not enhance the overall rate of protein
synthesis (16, 21, 45); rather, it decreased the cap-dependent
translation relative to the cap-independent translation (21).
Furthermore, treatment of cells with an Mnk-specific inhibitor,
CGP57380, blocked the eIF4E phosphorylation but did not
impair the mitogen-stimulated translational activation or de
novo protein synthesis following recovery from hypertonic
stress (21, 34). An initial study reported that the phosphoryla-
tion of eIF4E increased its affinity for cap analogs (31), but
more recent studies demonstrated that the phosphorylation of
elF4E markedly reduces its affinity for capped mRNA (48, 64).
Based on these studies and the cocrystal structure of elF4E-
cap analog complexes (29, 53, 54), Scheper and Proud pro-
posed two models for the physiological role of eIF4E phos-
phorylation, in which the phosphorylation of eIF4E by Mnks
may stimulate either the rapid and sequential loading of mul-
tiple initiation complexes and ribosomes to the same mRNA or
the rapid recycling of the initiation factors from one mRNA to
another, depending on the time point at which the eIF4E
phosphorylation occurs during the initiation process (47). Ac-
cording to these models, the phosphorylation of eIF4E may
play a role in reprogramming the protein synthesis pattern by
promoting polysome assembly on a limited group of mRNAs
or the redistribution of translational machineries from preex-
isting mRNAs to newly synthesized mRNAs. In any case, it is
likely that the mitogen-stimulated activation of general protein
synthesis is regulated primarily by other mechanisms, such as
mTOR-dependent phosphorylation of 4E-BP1 and S6 kinase,
and that the phosphorylation of eIF4E may instead play a role
in the fine control of limited aspects of mRNA translation,
stabilization, or processing. A recent report showed that over-
expression of Mnk1 in adult cardiocytes increased the transla-
tional efficiency of a reporter mRNA that has pronounced
secondary structure in its 5" untranslated region (57). Another
report has indicated that phosphorylation of eIF4E by Mnk1 is
critical for the viral protein synthesis and replication of herpes
simplex virus type 1 in quiescent cells (58). These studies sug-
gest that the eIF4E phosphorylation is involved in the trans-
lational control of specific groups of mRNAs.

The strong expression of both Mnk1 and Mnk2 in the spleen
suggests that they play a role in the immune response, such as
in the activation of lymphocytes or phagocytes, antibody pro-
duction, or cytokine production. MK2/MAPKAPK2 has been
shown to regulate the LPS-induced production of TNF-a and
IL-6 in splenocytes by posttranscriptional mechanisms (23, 35).
Although eIF4E is unlikely to be the target of MK2 in this
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process, Mnk-dependent eIF4E phosphorylation may regulate
acute-phase cytokine production directly or indirectly at the
translational level. In this regard, it has been suggested that
Mnkl1 regulates the production of the chemokine RANTES
through translational control of RFLAT-1, a transcription fac-
tor for RANTES gene expression in T cells (36).

Most eIF4E is present in the cytoplasm, but a fraction of it
localizes to the nucleus, especially to speckled structures called
promyelocytic leukemia (PML) nuclear bodies (8, 26, 28). Re-
cent studies have suggested that the nuclear eIF4E regulates
the nucleocytoplasmic transport of cyclin D1 mRNA in con-
junction with PML protein (2, 42, 43, 55, 56). Likewise, the
Mnkl and Mnk2a proteins are present mainly in the cyto-
plasm, but recent studies have shown that both Mnkl and
Mnk?2 possess a potential nuclear localization signal and that a
fraction of human Mnk2b localizes to the PML nuclear bodies,
suggesting that the Mnks have some nuclear function (37, 49).
Although we have not determined the subcellular distribution
of the phosphorylated eIF4E, it would be intriguing to examine
whether the nuclear function of eIF4E is regulated by Mnk-
dependent phosphorylation at Ser209.

Accumulating evidence has shown that local protein synthe-
sis at the synaptic area in dendrites plays a critical role in the
control of neuronal plasticity, including the control of long-
term potentiation and long-term depression (17, 52). A recent
study showed that brain-derived neurotrophic factor induces
the translocation of eIF4E to the so-called mRNA granules,
cytoskeleton-associated granules for mRNA transport in den-
drites (51). A more recent study showed that conditional inhi-
bition of ERK activity in the postnatal murine forebrain results
in a reduction in hippocampus-dependent memory retention,
translation-dependent long-term potentiation, neuronal activ-
ity-induced translation, and phosphorylation of eIF4E, 4E-
BP1, and S6 kinase in hippocampal neurons, suggesting that
synaptic plasticity is regulated by ERK-dependent translational
control (19). Analysis of the neural activities of Mnk KOs
would elucidate whether eIF4E phosphorylation is involved in
the local protein synthesis and synaptic plasticity.

Besides eIF4E, no physiological targets for Mnk1 or Mnk2
have been identified except for cytosolic phospholipase A2
(15), which catalyzes the first step of the arachidonate cascade
for eicosanoid synthesis. Mnk1l and Mnk2 KO mice and their
cultured cells would be useful systems for investigating the
physiological significance of eIF4E phosphorylation in the fine
control of mRNA translation, as speculated above, and to
explore other Mnk functions that are executed through un-
identified targets of these protein kinases.
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