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MARP kinase-interacting kinase 1 and 2 (Mnk1 and Mnk?2) are protein-
serine/threonine kinases that are activated by ERK or p38 and
phosphorylate elF4E, which is involved in cap-dependent transla-
tion initiation. However, Mnk1/2 double knockout (Mnk-DKO) mice
show normal cell growth and development despite an absence of
elFAE phosphorylation. Here we show that the tumorigenesis oc-
curring in the Lck-Pten mouse model (referred to here as tPten™'~
mice) can be suppressed by the loss of Mnk1/2. Phosphorylation of
elF4E was greatly enhanced in lymphomas of parental tPten™'~ mice
compared with lymphoid tissues of wild-type mice, but was totally
absent in lymphomas of tPten™'~; Mnk-DKO mice. Notably, stable
knockdown of Mnk1 in the human glioma cell line U87MG resulted
in dramatically decreased tumor formation when these cells were
injected into athymic nude mice. Our data demonstrate an onco-
genic role for Mnk1/2 in tumor development, and highlight these
molecules as potential anticancer drug targets that could be inac-
tivated with minimal side effects.

elF4E | glioma | lymphoma | mouse model

nkl and Mnk2 are ubiquitously expressed protein-serine/
threonine kinases that are directly activated by ERK or
p38 MAP kinases (1, 2). When activated in vitro, Mnk1/2 can
phosphorylate the eukaryotic translation initiation factor 4E
(eIF4E) (2-5). The eIF4E protein binds to the 5’ cap structure of
mRNAs and is essential for cap-dependent translational initia-
tion (6). However, the biological functions of the Mnk kinases
and the significance of Mnk-mediated eIF4E phosphorylation
have been controversial because Mnk1/2 double knockout (Mnk-
DKO) mice exhibit normal cell growth and development despite
an absence of eIF4E phosphorylation (7).
Several lines of evidence have suggested that eIF4E can act as
a bona fide oncogenic accelerator in vivo (8-12). eIF4E is over-
expressed in several types of human cancers and has been linked
to poor prognosis in patients with tumors (8, 11). Similarly,
transgenic mice overexpressing eIF4E develop tumors in multiple
organs (12). Clinical studies have indicated that not only eIF4E
overexpression but also eIFAE phosphorylation may contribute to
tumor progression. Enhanced eIF4E phosphorylation has been
observed in various solid tumors (13) and lymphomas (14) and
correlates with poor patient prognosis, particularly in non-small-
cell lung cancer (15). Furthermore, Mnk1 is highly expressed in
hematological malignancies (16, 17), and both Mnkl and Mnk2
are up-regulated in solid tumors such as gliomas and ovarian
cancers (18, 19). Consistent with these clinical findings, in vitro
studies have shown that NIH 3T3 cells expressing phosphodefec-
tive eIF4E display diminished transformation activity, whereas
overexpression of wild-type (WT) eIF4E fully transforms this cell
line (20, 21). Similarly, overexpression of a constitutively active
Mnkl mutant, or a phosphomimetic eIF4AE mutant, promotes c-
Myc-mediated lymphomagenesis in vivo (14). Finally, recent in
vitro studies indicate that Mnk1/2-mediated phosphorylation of
other substrates, including Sprouty2, cPLA2, and hnRNPA1, may
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also influence tumorigenesis (22-25). Collectively, these in vitro
and in vivo studies and clinical observations strongly suggest that
an axis involving Mnk1/2 and phosphorylation of eIF4E (and per-
haps other substrates) can enhance tumorigenesis.

To investigate the physiological significance of eIF4E phos-
phorylation in tumorigenesis, we crossed Mnk-DKO mice with
tPten”~ mice and examined various aspects of lymphomagene-
sis. We report that Mnk1/2 deficiency delays tumor development
in the context of T cell-specific Pten loss in vivo. Importantly,
Pten-null lymphomas lacking Mnkl and Mnk2 showed no de-
tectable level of eIF4E phosphorylation. Furthermore, stable
shRNA-mediated knockdown of Mnk1 in the human glioma cell
line US7MG resulted in dramatically reduced tumorigenic ac-
tivity in nude mice. Our results suggest that inhibition of Mnk1/2
might be an effective treatment option for some human cancers
and that such agents would have minimal side effects.

Results

Mnk1/Mnk2 Double Deficiency Does Not Affect Cellular Responses to
Culture Stress. To determine the role of Mnk1/2 in untransformed
cells, we examined primary mouse embryonic fibroblasts (MEFs)
from Mnk-DKO mice both at steady state and after exposure to
various culture stresses. Primary Mnk-DKO MEFs proliferated at
the same rate as control (Mnkl*~Mnk2*/~) MEFs under stan-
dard culture conditions (Fig. 14), and showed comparable cell
growth and apoptosis under conditions of either low glutamine
(Fig. 1B) or glucose starvation (Fig. 1C).

We next determined the effects of Mnk1/2 deficiency on cellu-
lar responses to hypoxia or oxidative stress. Hypoxia induces the
expression of a subset of genes directly regulated by the tran-
scription factor HIF-1a (hypoxia-inducible factor-1a). The trans-
lation of the HIF-1la mRNA is cap-dependent (26), and may be
fine-tuned by Mnk1/2-mediated phosphorylation of eIF4E (27). In
addition, HIF-1a mRNA contains an internal ribosomal entry site
(IRES) in its 5’ untranslated region. It has been suggested that
elF4E availability may control the switch between cap-dependent
and IRES-mediated translation (28, 29). However, when we mea-
sured expression levels of two major HIF-1a target genes, Glutl
(glucose transporter isoform-1) and Vegf (vascular endothelial
growth factor), in WT and Mnk-DKO MEFs cultured in 0.2%
oxygen, we found that these genes were induced to the same level
in both genotypes (Fig. 1D). Similarly, WT and Mnk-DKO MEFs
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Fig. 1.

Mnk1 and Mnk2 are not essential for steady-state cell growth or responses to culture stress. (A) Growth curves of primary MEFs of the indicated

genotypes under standard culture conditions. Data shown are the mean + SD of three cultures/genotype. (B) L-glutamine starvation. Primary MEFs of the
indicated genotypes (1 x 10° cells/well) were cultured at the indicated concentrations of L-glutamine for 7 d and stained with 0.5% crystal violet dye in 20%
ethanol. (C) Glucose starvation-induced apoptosis. Primary MEFs of the indicated genotypes were cultured in the absence of p-glucose for the indicated time
points, stained with Annexin V/PI, and analyzed by flow cytometry. Percentages of positive cells within a quadrant are indicated. (D) Hypoxia. Spontaneously
immortalized MEFs of the indicated genotypes were cultured in 0.2% oxygen for 24 h. The induction of Vegf and Glut1 mRNAs was measured by quantitative
real-time PCR and normalized to values observed under normoxia. For all figures, results presented are representative of at least two independent trials.

treated with hydrogen peroxide (H,O;) accumulated equivalent
levels of reactive oxygen species (ROS) (30), as detected using
a CM-H,DCFDA [5-(and-6)-chloromethyl-2’,7’-dichlorodihydro-
fluorescein diacetate, acetyl ester] fluorescent probe (Fig. S1).
These data indicate that Mnk1/2 kinases are dispensable for cel-
lular responses to these forms of culture stress.

Mnk1/2 Double Deficiency Inhibits Ras-Induced Transformation of
Primary MEFs. It has been previously reported that Mnk1/2 kina-
ses are involved in Ras-mediated oncogenesis in rat epithelial cells
(31). To investigate the role of Mnk1/2 in the transformation of
murine cells, we infected Mnk1*~Mnk2*/~ and Mnk-DKO pri-
mary MEFs with retroviruses expressing Ras (H-RasV12) and
T-Ag (SV40 large T antigen). Mnk-DKO METFs infected with Ras
and T-Ag proliferated to the same degree as infected control cells
under standard culture conditions (Fig. 24). However, the colo-
nies derived from transformed Mnk-DKO MEFs in soft agar
were smaller in size than colonies derived from transformed
Mnk1*~Mnk2*"~ MEFs (Fig. 2B). In addition, transformed Mnk-
DKO MEFs generated significantly fewer (P = 0.003) colonies in
soft agar compared with transformed Mnkl™"Mnk2*/~ MEFs
(Fig. 2C), suggesting that endogenous Mnk1/2 kinases can pro-
mote Ras-mediated oncogenic transformation.

Mnk1/2 Double Deficiency Leads to Delayed Tumorigenesis in a Pten-
Deficient Lymphoma Model. The Pten-PI3K pathway is essential
for Ras-driven cellular transformation and in vivo tumorigenesis
(32), and eIF4E is a critical oncogenic effector downstream of
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Pten-PI3K pathway (8, 10, 12). These connections prompted us
to evaluate in vivo the link between Mnk1/2 and tumorigenesis
driven by loss of Pten. We compared the tumor-free survival of
T-cell-specific Pten conditional knockout (LckCrePten™/10x
i.e., tPten™") mice also lackin% Mnk1 and Mnk2 (tPten™~; Mnk-
DKO mice) with that of Pten™~; non-Mnk-DKO mice (including
Mnk1*/~Mnk2*~, Mnk1™”"Mnk2*~, and Mnk1*~Mnk2™~ geno-
types). Most tPten™"; non-Mnk-DKO mice (73%) exhibited signs
of lymphoma at around 70 d (10 wk), with a maximal latency of
16 wk (Fig. 34). This progression was in line with results previously
reported for this model (33-35). Notably, tPten™~; Mnk-DKO
mice demonstrated delayed tumor incidence with a median tumor-
free survival time of 94 d (P = 0.005) (Fig. 34), although all these
mice had developed lymphomas by 18 wk. Lymphoma-containing
tissues from tPten™"; Mnk-DKO mice also appeared smaller in
size than those of control mice (Fig. 3B). These results suggest that
endogenous Mnk1/2 kinases can enhance the tumorigenesis asso-
ciated with loss of Pten in vivo.

Absence of elF4E Phosphorylation in tPten™—; Mnk-DKO T-Cell
Lymphomas. To characterize the tumors in tPten™; Mnk-DKO
mice, we used flow cytometric analyses. About 60% of the
tumors in these animals could be classified as pure CD4* single
positive (SP) T-cell lymphomas (Fig. 3C), whereas 40% were
a mixture of CD4" SP and CD4*CD8* double positive (DP)
T cells. CD8" SP lymphomas were never observed, consistent
with a previous report (35). In tPten™~ mice, T-cell lymphomas
originate from CD4*CD8* DP thymocytes in the thymus (34, 36).
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Fig. 2. Primary MEFs from Mnk1~"Mnk2~~ mice are resistant to oncogenic transformation. (A) Growth curves under standard conditions. Primary MEFs from
mice of the indicated genotypes were infected with H-RasV12 (Ras) plus SV4OLT antigen (T-Ag). Transformed cells (5 x 10%well) were plated in six-well plates.
(B and C) Reduced anchorage-independent cell growth. The transformed MEFs of A and empty vector-transduced control MEFs were allowed to form colonies for
21 d in soft agar. Colonies were stained with crystal violet (B) and colony numbers were counted (C). Results shown in C are the mean colony number + SE of
triplicate samples and are representative of two independent experiments. *P = 0.003 (Student’s t test).

Before lymphoma development (6 wk of age), the CD4:CD8
profiles of thymocytes from tPten™~; Mnk-DKO and tPten™;
non-Mnk-DKO mice were comparable, suggesting that a lack of
Mnk1/2 has no detectable effect on T-lineage cell fate nor on the
type of lymphoma developing in the absence of Pten.

Next, we looked at the phosphorylation status of eIF4E in
thymic lymphomas from tPten™~; Mnk-DKO and tPten™~; non-
Mnk-DKO mice. Significant (but variable) eIF4E phosphory-
lation was observed in cells isolated from tPten™"; non-Mnk-
DKO lymphomas, but none was detectable in cells from tPten™;
Mnk-DKO lymphomas (Fig. 3D), indicating that Mnk1/2 kinases
are essential for eIF4E phosphorylation in transformed Pten-
null cells in vivo. Levels of total eIF4E were variable in lymphoma
cells of both genotypes and no consistent differences were ob-
served (Fig. 3D). Histological examination showed that, compared
with thymocytes from WT C57BL/6 mice, the lymphoma cells in
the thymus or spleen of both tPten™~; Mnk-DKO and tPten™;
non-Mnk-DKO mice had scant cytoplasm, enlarged round nuclei,
irregular nuclear contours, and prominent nucleoli (Fig. 4 A-C
and G-I), consistent with a previous characterization of tPten™~
lymphoma tissues (35). Immunohistochemical analysis revealed
markedly enhanced eIF4E phosphorylation in the perinuclear re-
gion of these abnormal cells (Fig. 4 E and K), but showed that this
phosphorylation was abolished in tPten™~; Mnk-DKO lymphoma
tissues (Fig. 4 F and L). These data confirm our immunoblot
analyses and indicate that eIF4E phosphorylation via Mnk1/2 may
be essential for the promotion of tumor development in this context.

Mnk1 Knockdown Reduces the Tumorigenic Activity of Xenografted
U87MG Glioma Cells. Clinical examinations have revealed that Mnk1
is significantly elevated in human glioma tissues (18). Several stud-
ies have shown that the potent Mnk inhibitor CGP57380 sup-
presses human cancer cell growth in vitro (31, 37-39), but it
remains unclear whether this inhibition is due to effects on
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Mnk1/2 or on Mnk1/2 plus other kinases promoting cell growth
(40, 41). To investigate the effects of specific Mnk inhibition
in the context of human cancer, we set out to use an ShRNA-
lentivirus system to stably knock down Mnk in human glioma
cell lines. We first determined the protein expression levels of
Mnkl1, Mnk2, and eIF4E in three human glioma cell lines:
U87MG, U118MG, and LN-18. US7MG cells, which bear an
inactivating mutation of Pten (42), exhibited high levels of
Mnkl1 protein and strongly enhanced eIF4E phosphorylation
but only minimal Mnk2 protein (Fig. S2). This observation
suggested that shRNA-mediated knockdown of Mnkl in the
U87MG line would produce cells with a phenotype resembling
that of Mnk1/2 double knockdown cells. We therefore infected
U87MG cells with lentivirus harboring one of two independent
Mnk1 shRNAs, sh#1 or sh#2, that target different sequences
of the human Mnkl gene. Immunoblotting confirmed the suc-
cessful knockdown of Mnk1 expression in the transduced US7MG
cells as well as a substantial reduction in eIF4E phosphorylation
(Fig. 54). In addition, Mnk1 knockdown U87MG cells displayed
reduced focus formation in culture compared with US7MG cells
infected with virus expressing control shRNA (Fig. 5B). Last, flow
cytometric cell-cycle analysis showed that the S-phase popula-
tion was significantly reduced in Mnk1 knockdown cells (Fig. 5C).
Thus, inhibition of Mnk decreases the in vitro oncogenic activity of
glioma cells.

To evaluate whether Mnk knockdown cells could form tumors
in vivo, we injected U87MG cells expressing Mnk1 sh#1, Mnk1
sh#2, or control ShRNA s.c. into NIH III immunodeficient nude
mice. Whereas the control cells formed tumors in all mice (n =
10) by day 30 postinjection, the Mnk1 sh#1-expressing cells did
not form detectable tumors in any mouse (n = 7) (Student’s
t test, P = 0.008; Fisher’s exact test, P = 0.0006) (Fig. 5D and E
Left). Injection of USTMG cells expressing Mnk1 sh#2 (a less
efficient shRNA) generated tumors in the recipients (n = 3), but
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Fig. 3. Combined Mnk1/2 deficiency delays tumorigenesis in T-cell-specific Pten-deficient mice. (A) Kaplan-Meier survival plots for tPten™'~; Mnk-DKO
mice and tPten™~; non-Mnk-DKO (Mnk1*~Mnk2*'~, Mnk1™~Mnk2*~, and Mnk1*~Mnk2~"") mice. Mice were killed when tumors measured 1 cm across or
at the first signs of mouse morbidity (abdominal distension with hunched back, etc.). Median tumor-free survival: tPten™~; non-Mnk-DKO =75d (n = 11;
male:female = 5:6), tPten™"; Mnk-DKO = 94 d (n = 13; male:female = 6:7). P = 0.005 (log-rank test). (B and C) Characterization of tPten™" T-cell lym-
phomas. (B) Photographs of the thymus, spleen, and lymph nodes (LN) from a representative mouse of the indicated genotypes. Enlarged spleens
(splenomegaly; long diameter > 2 cm) were confirmed for all tPten™ mice in A. (Scale bars, 1 cm.) (C) Flow cytometric profiles of CD4/CD8 expression by
cells isolated from lymphomas in the indicated tissues in B. (D) Loss of elF4E phosphorylation in tPten™~; Mnk-DKO lymphomas. WT thymocytes (thymus)

and cells isolated from thymic lymphomas in mice of the indicated genotypes were subjected to immunoblotting to detect the indicated proteins. Actin,
loading control.

these malignancies were still smaller in size than those arising  Discussion

after injection of control shRNA-expressing cells (Fig. 5D and £ Studies in vivo and in vitro have clearly shown that the Mnk-
Right). These results indicate that specific inhibition of Mnkl  eIF4E axis promotes transformation and tumor progression (14),
(and perhaps also Mnk2) has the potential to suppress human  a hypothesis also supported by clinical data (13, 15-18). At the
cancer cell growth in vivo. mechanistic level, eIF4E overexpression enhances the translation
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Fig. 4. Combined Mnk1/2 deficiency abolishes elF4E phosphorylation in lymphomas of T-cell-specific Pten-deficient mice. Sections of WT thymus and spleen
and lymphomas from mice of the indicated genotypes were stained with H&E (A-C and G-/) or with specific antibody to detect phosphorylated elF4E (P-elF4E;
D-F and J-L). (Scale bars, 50 um in A-F; 100 pm in G-L.) Black arrows, representative phospho-elF4E* cells.
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0.008 (Student’s t test), P = 0.0006 (Fisher’s exact test).

of prosurvival genes (43), and inducible eIF4E stimulates the
translation of abundant ribosomal protein mRNAs (44). Ac-
cordingly, at least in the overexpression setting, the phosphory-
lation of eIF4E appears to be critical for the translation of the
elF4E target genes that enhance oncogenesis.

In this study, we used a genetically engineered mouse system
to show that elevated levels of eIFAE phosphorylation occur in
Mnk1/2-expressing, Pten-null lymphomas and that a combined
deficiency of Mnk1 and Mnk2 delays lymphoma development in
tPten™~ mice. Wang et al. have shown that rapamycin-induced
elF4E phosphorylation mediated by Mnk1/2 is markedly inhi-
bited in PI3K-deficient (p85«; p85p DKO) MEFs (38). This
latter result suggests that the Mnk-eIF4E axis is positively reg-
ulated not only by the MAP kinase pathway but also by the PI3K
pathway, although the mechanism remains to be elucidated. In
our study, Pten-null tumors lacking both Mnkl and Mnk2 ex-
hibited a complete absence of eIF4E phosphorylation, whereas
significant (but variable) eIF4E phosphorylation was seen in
Pten-null tumors expressing either Mnk1 or Mnk2. Thus, Mnk1/
2-mediated eIF4E phosphorylation enhances the tumorigenesis
associated with loss of Pten. To date, no obvious differences in
tumor development have been observed among Pten-null mice
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that expressed at least one Mnk enzyme, suggesting that these
malignancies depend solely on the presence of some level of ele-
vated eIF4E phosphorylation. At this time, however, we cannot
rule out the possibility that our observations may also be partly
due to the effect of Mnk activities on other known substrates
such as Sprouty2, cPLA2, and hnRNPA1 (22-25). These sub-
strates are reportedly involved in cell growth or tumorigenesis
(45-48), but the in vivo significance of their phosphorylated forms
has yet to be proven.

Our findings in cultured cells support our in vivo results. Prima-
ry Mnk-DKO fibroblasts were resistant to Ras-mediated trans-
formation, and stable knockdown of Mnkl in U87MG human
glioma cells, in which Mnk2 expression is very low, significantly
retarded tumor formation in NIH III nude mice. These data not
only show that Mnk1/2 kinases influence tumorigenic events but
also suggest that inhibitors of Mnk1/2 may be effective anticancer
drugs, particularly for tumors exhibiting mutated, nonfunctional
Pten. Moreover, because Mnk1/2 kinases are dispensable for cell
growth and embryogenesis, such inhibitory drugs are likely to have
minimal side effects.

The mechanism underlying Mnk1/2’s oncogenic influence re-
mains unclear. Akt is a critical tumor accelerator that acts down-
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stream of the Pten-PI3K pathway but upstream of eIF4E (9, 12).
We confirmed that total Akt levels and the Akt phosphorylation
induced by IGF-1 or EGF were comparable in Mnk-DKO and
control MEFs (Fig. S3), indicating that other critical effectors
likely exist downstream of Mnk1/2. The search for these ef-
fectors will no doubt contribute to elucidating the mechanism by
which Mnk1/2 kinases promote cancer development, and may
lead to the discovery of effective and specific drugs targeting the
Mnk1/2 pathway.

Materials and Methods

Mice. Mnk17"Mnk2~ mice and LckCrePten™f°* (tPten~~) mice have been
previously described (7, 35). The original strains were derived from R1(129/sv)
or E14K (129/0la) embryonic stem cells. All mice used for experiments in this
study were backcrossed more than six times to the C57B/6N or C57B/6J back-
ground. All tPten™"; non-Mnk-DKO (Mnk1*~Mnk2*~, Mnk1~~Mnk2*~, and
Mnk1*~Mnk27"") mice and most tPten™"; Mnk-DKO mice were generated by
breeding the above backcrossed mice. Some tPten™"; Mnk-DKO mice were
generated by crossing LckCrePten®*Mnk17~Mnk2~~ and PtenfofloXMnk 17~
Mnk2™~ mice. All animals were treated in accordance with the National
Institutes of Health Guide for Care and Use of Laboratory Animals as ap-
proved by the University Health Network Animal Care Committee (Toronto,
ON, Canada).

Cells, Cell Lines, and Standard Culture Conditions. Primary MEFs were prepared
from day 13.5 mouse littermate embryos as previously described (7). For
standard culture conditions, primary MEFs [passage (P) 2 or P3] were cultured
in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal calf serum
(FCS). Cells from mouse thymus, spleen, and lymph nodes were isolated using
standard protocols. The human glioma cell lines U87MG, U118MG, and LN-18
were from the American Type Culture Collection. U87MG and U118MG cells
were cultured in DMEM with 10% FCS, and LN-18 cells were cultured in DMEM
with 5% FCS.

Stress Culture Conditions. For L-glutamine starvation, primary MEFs were
cultured in L-glutamine-free DMEM with 10% dialyzed FCS and supple-
mented with 0, 0.4, or 2 mM L-glutamine (GIBCO). For glucose starvation,
primary MEFs were cultured in p-glucose-free DMEM with 10% dialyzed FCS.
For hypoxia, spontaneously immortalized MEFs derived as described (30)
were cultured for 24 h in 0.2% oxygen in an Invivo2 Hypoxia Workstation
400 (Biotrace). For ROS determinations, spontaneously immortalized MEFs
were treated with H,O, for 30 min at the concentrations indicated in Fig. S1.
ROS levels were detected as described in the Fig. S1 legend.

Real-Time RT-PCR Quantification of mRNA. Total RNA was extracted and pu-
rified using the RNeasy kit (QIAGEN) according to the manufacturer’s pro-
tocol. Purified RNA was treated with DNasel and reverse-transcribed using
the SuperScript first-strand RT-PCR kit (Invitrogen); cDNAs were subjected to
quantitative real-time PCR using the SYBR Green PCR Master Mix. Primer
sequences were as follows: murine Glut1: 5-AGAGGTGTCACCTACAGCTC-3/,
5-AACAGGATACACTGTAGCAG-3’; murine Vegf: 5-TACTGCCGTCCGATTGA-
GAC-3', 5-TGATCTGCATGGTGATGTTG-3’; murine p-actin: 5-TGTGATGGTG-
GGAATGGGTCAG-3', 5-TTTGATGTCACGCACGATTTCC-3".

Ras-Mediated Transformation of Primary MEFs and Soft Agar Assays. The
Phoenix packaging cell line was used for the generation of ecotropic viruses.
MEFs were transduced with the SV40OLT and H-RasV12 oncogenes using
retroviral infection of the pBabe-puro-SV40LT plus pBabe-hygro-H-RasV12,
pBabe-puro, or pBabe-hygro vectors. Transduced cells were selected by
growth first in puromycin (2 pg/mL; Sigma) for 3 d and then in hygromycin
(200 pg/mL; Invitrogen) for 6 d. Soft agar assays were performed as described
(49) with minor modifications. Selected cells were plated at 5 x 10% cells/
well of a 12-well plate and allowed to form colonies for 21 d before stain-

. Fukunaga R, Hunter T (1997) MNK1, a new MAP kinase-activated protein kinase,
isolated by a novel expression screening method for identifying protein kinase
substrates. EMBO J 16:1921-1933.

2. Waskiewicz AJ, Flynn A, Proud CG, Cooper JA (1997) Mitogen-activated protein

kinases activate the serine/threonine kinases Mnk1 and Mnk2. EMBO J 16:1909-1920.

3. Waskiewicz AJ, et al. (1999) Phosphorylation of the cap-binding protein eukaryotic

translation initiation factor 4E by protein kinase Mnk?1 in vivo. Mol Cell Biol 19:1871-1880.
4. Pyronnet S, et al. (1999) Human eukaryotic translation initiation factor 4G (elF4G)
recruits Mnk1 to phosphorylate elF4E. EMBO J 18:270-279.
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ing with 0.002% crystal violet dye (Sigma) in PBS. Visible stained colonies
were counted.

Production of shRNA-Expressing Lentivirus and Generation of Stable shRNA-
Expressing Cell Lines. Human Mnk1 shRNA constructs RHS4430-98853157
(sh#1) and RHS4430-98485774 (sh#2) cloned into pGIPZ lentiviral sShRNAmir,
and the control shRNA construct (nonsilencing-GIPZ lentiviral shRNAmir
control RHS4346), were purchased from Open Biosystems. Lentivirus prep-
arations were made using a three-plasmid packaging system as previously
described (50) with some modifications. Briefly, shRNAs in the pGIPZ vector
were cotransfected into 293T cells along with expression vectors contain-
ing the gag/pol, rev, and vsvg genes. The medium was changed 24 h after
transfection. Lentivirus supernatant was harvested 48 h after transfec-
tion and diluted 10-fold, followed by the addition of 8 pg/mL polybrene
(Sigma-Aldrich).

For stable cell-line generation, U87MG glioma cells were plated at 1 x 10°
cells/well in six-well plates and infected for 24 h. Infected cells were selected
in 1.5 pg/mL puromycin for 4 d followed by culture in medium containing
1 pg/mL puromycin. Puromycin was removed by washing before cells were
plated for experiments.

Tumor Formation in Xenografted Mice. Female NIH Ill nude mice (8-wk-old;
Charles River) were injected s.c. into the left or right flank with 1 x 10°
control shRNA-expressing or Mnk1 shRNA-expressing U87MG glioma cells,
respectively. Tumor formation was assessed by inspection every 2-3 d. On
day 30 postinjection, tumors were isolated by dissection and weighed.

Proliferation and Apoptosis Assays. For cell-cycle analyses, BrdU incorporation
was assessed using the APC BrdU Flow Kit (BD Pharmingen) and flow
cytometry according to the manufacturer’s protocols. Cell-death analysis was
performed by flow cytometry using propidium iodide (PI) staining together
with Annexin V-APC (BD Pharmingen).

Flow Cytometric Analyses. Cells from thymus, spleen, and lymph nodes were
stained with the following antibodies: anti-CD4-APC (RM4.5), anti-CD8-FITC
(53-6.7), and anti-B220/CD45R (RA3-6B2)-PE (all from BD Biosciences). All flow
cytometric data were acquired using a FACSCalibur (Becton-Dickinson) and
analyzed with FlowJo software (Tree Star).

Immunoblotting. Antibodies used for immunoblotting were: anti-phospho-
elF4E (Ser209), anti-total elF4E, anti-total Akt, and anti-phospho-Akt (Ser473)
(all from Cell Signaling); anti-Mnk2 (S-20) (Santa Cruz Biotechnology); anti-
human PTEN (6H2.1) (Cascade Biosciences); and anti-B-actin (Sigma). Standard
lysate preparation and electroblotting protocols were used.

Histology. Tissue samples were fixed in 10% buffered formalin at room
temperature and embedded in paraffin. Sections (5-pm) were stained with
hematoxylin and eosin (H&E) according to standard protocols. Immunohis-
tochemistry to detect the phospho-elFAE signal required microwave antigen
retrieval in sodium citrate buffer (pH 6) performed using a standard protocol
(51). Anti-phospho-elF4E (Ser209) (Cell Signaling) was used at 1:32 as the
primary antibody, and biotinylated goat anti-rabbit IgG (Jackson Immu-
noResearch Laboratories) was used as the secondary antibody. An ABC kit
(Vector Labs; 1.5 h) and diaminobenzidine were used to develop the signal.
Sections were lightly counterstained with hematoxylin.

Statistics. Mouse survival curves were constructed using Kaplan-Meier meth-
odology and compared by the log-rank test using GraphPad Prism software.
Other statistical analyses were performed using the Student’s t test unless
otherwise stated.
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