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IFN� exhibits potent antitumor effects and plays important
roles in the innate immunity against cancer. However, the
mechanisms accounting for the antiproliferative effects of
IFN� still remain to be elucidated. We examined the role of
Mnk1 (MAPK-interacting protein kinase 1) in IFN� signaling.
Our data demonstrate that IFN� treatment of sensitive cells
results in engagement of Mnk1, activation of its kinase do-
main, and downstream phosphorylation of the cap-binding
protein eIF4E on Ser-209. Such engagement of Mnk1 plays an
important role in IFN�-induced IRF-1 (IFN regulatory factor
1) gene mRNA translation/protein expression and is essential
for generation of antiproliferative responses. In studies aimed
to determine the role of Mnk1 in the induction of the suppres-
sive effects of IFNs on primitive hematopoietic progenitors, we
found that siRNA-mediated Mnk1/2 knockdown results in
partial reversal of the suppressive effects of IFN� on human
CD34�-derived myeloid (CFU-GM) and erythroid (BFU-E)
progenitors. These findings establish a key role for the Mnk/
eIF4E pathway in the regulatory effects of IFN� on normal he-
matopoiesis and identify Mnk kinases as important elements
in the control of IFN�-inducible ISG mRNA translation.

The only known member of the Type II IFN family, IFN�,
plays an important role in the innate and adaptive immunity
against microbial and viral infections and exhibits potent anti-
tumor effects (1–4). IFN� is a cytokine mainly secreted by T
lymphocytes, activated natural killer cells, and antigen-pre-
senting cells such as macrophages and dendritic cells (5, 6)
and is known to elicit pleiotropic biological effects on cells
and tissues. This cytokine enhances the activity of natural
killer cells, facilitates class switching, and regulates immuno-
globulin production by B cells (5–7). In addition, it regulates
survival and proliferation of T cells, modulates the activity of

antigen presenting cells and, under certain circumstances, can
promote differentiation of several distinct cell types (5–7).
Importantly, IFN� facilitates immune responses to tumor
cells, although it also inhibits angiogenesis and exerts direct
anti-proliferative effects on a number of tumor cells (8). Thus,
considering the broad effects of IFN�, understanding the cel-
lular mechanisms that regulate its biological effects is highly
relevant in advancing our overall understanding of the mech-
anisms of innate immunity against cancer and viral infections.
Previous studies have established that IFN� transduces sig-

nals by binding to its cell surface receptor, which is composed
of two distinct subunits; the IFN� receptor 1 and 2 chains,
which are constitutively associated with the JAK family mem-
bers JAK1 and JAK2 (reviewed in Refs. 2 and 3). Binding of
IFN� to its receptor results in interactions between the recep-
tor chains leading to the phosphorylation of the STAT1 tran-
scriptional activator, followed by its dimerization, transloca-
tion to the nucleus, and activation of gene transcription by
IFN�-activated sequences (GAS)2 (2, 3). Beyond the classic
JAK-STAT pathway, the transcriptional response to IFN�
also involves IFN�-activated transcription elements (9) that
are controlled by the transcription factor CCAAT enhancer-
binding protein-�. Notably, the activity of CCAAT enhancer-
binding protein-� is positively regulated by the MAP kinases
Erk1 and Erk2 (10). There has been also some previous evi-
dence implicating protein kinase pathways in the generation
of cellular responses to IFN�. The phosphatidylinositol 3-ki-
nase regulates transcriptional regulation by IFN� (11, 12),
whereas the Akt/mTOR pathway plays an important role
downstream of phosphatidylinositol 3-kinase, promoting
mRNA translation of ISGs (13, 14). PKC family members
PKC�, PKC�, and PKC� have been also shown to play impor-
tant roles in IFN� signaling (11, 15, 16). Additionally there is
evidence for important functional roles for MAPK pathways
in the induction of IFN� responses (17–20).
We determined whether Mnks (MAPK-interacting protein

kinases) 1 and 2 are activated during engagement of the Type
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II IFN receptor and participate in the generation of IFN� re-
sponses. Mnk1 is a downstream effector for both the p38
MAPK and Erk1/2 pathways and along with the related Mnk2
regulates phosphorylation of eIF4E (21, 22). Our data show
that IFN� treatment results in activation of Mnk1 and its
downstream target eIF4E in an Mek/Erk-dependent manner.
In studies using dual Mnk1/Mnk2 knock-out cells, we found
that Mnk activity is essential for IFN�-dependent mRNA
translation of IRF-1 (interferon regulatory factor 1) and plays
a critical role in the generation of growth inhibitory responses
by the Type II IFN receptor. Altogether, our findings identify
Mnk1 as a novel element required for mRNA translation of
ISGs and generation of IFN� antiproliferative responses.

MATERIALS AND METHODS

Antibodies, Cell Lines, and Reagents—The antibodies
against p-Mnk1 (Thr-197/202), Mnk1, p-eIF4E (Ser-209),
eIF4E, p-Erk1/2 (Thr-202/Tyr-204), Erk1//2, pSTAT1 (Tyr-
701), and p-STAT1 (Ser-727) were obtained from Cell Signal-
ing Technology (Danvers, MA). The antibodies against
STAT1 and IRF-1 were obtained from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). The antibody against GAPDH was
obtained fromMillipore (Billerica, MA). Human and mouse
IFN� were obtained from PBL Interferon Source (Piscataway,
NJ). U937 cells were grown in RPMI-1060 supplemented with
10% (v/v) fetal bovine serum and antibiotics. CD34� cells
were obtained from either Lonza (Basel, Switzerland) or
Stemcell Technologies (Vancouver, Canada). Immortalized
Mnk1�/� MEFs, Mnk2�/� MEFs, and Mnk1/Mnk2�/� MEFs
were cultured in DMEM supplemented with 10% (v/v) fetal
bovine serum and antibiotics. The Mnk inhibitor CGP57380
and the Mek1/2 inhibitor U0126 were obtained from Calbio-
chem (Darmstadt, Germany). The siRNAs targeting human
Mnk1 and Mnk2 as well as nontargeting siRNAs were ob-
tained from Dharmacon.
Cell Lysis and Immunoblotting—The cells were treated with

IFN� (103 or 104 IU/ml) for the indicated times and were then
lysed in phosphorylation lysis buffer as described in our previ-
ous studies (23, 24). In experiments using pharmacological
inhibitors, the cells were pretreated with CGP57380 (5–10
�M) or U0126 (10 �M) for 1 h followed by IFN� treatment for
the indicated time in the continuous presence of the inhibi-
tors; the cells were then lysed in phosphorylation lysis buffer.
Immunoblotting was performed using an ECL method, as in
our previous studies (25–27).
Luciferase Reporter Assay—Mnk1/2�/�, Mnk1�/�, Mnk2�/�,

andMnk1/2�/� MEFs were transfected with an 8� GAS lu-
ciferase construct (containing a luciferase reporter gene with
eight GAS elements linked to a minimal prolactin promoter)
and a constitutive �-galactosidase expression vector using the
SuperFect transfection reagent according to the protocol of
the manufacturer (Qiagen). The 8� GAS construct was
kindly provided by Dr. Christofer Glass (University of Califor-
nia, San Diego, CA) (28). 48 h post-transfection, the triplicate
cultures were either left untreated or treated with mouse
IFN� (1,000 units/ml) for 6 h. The cells were then lysed, and
the luciferase activity was measured as per the manufacturer’s
instructions (Promega, Madison, WI) described in previous

studies (23). The luciferase activity was then normalized uti-
lizing the �-galactosidase activity for each sample.
Quantitative RT-PCR—The Mnk1/2�/�, Mnk1�/�,

Mnk2�/�, and Mnk1/2�/� MEFs were either left untreated or
were with IFN� (1,000 units/ml) for 6 h and RNA was isolated
using the RNeasy kit (Qiagen). Cellular mRNA was reverse
transcribed into cDNA using the Omniscript RT kit and
oligo(dT) primer (Qiagen) as described previously (16). Quanti-
tative PCR was carried out as described previously (14). Com-
mercially available FAM-labeled probes and primers (Applied
Biosystems) to determine Irf-1mRNA expression were used.
GAPDH was used for normalization. The mRNA amplifica-
tion was calculated as described previously (14), and the data
were plotted as the fold increase as compared with untreated
samples.
Isolation of Polysomal Fractions—TheMnk1/2�/�, Mnk1�/�,

Mnk2�/�, and Mnk1/2�/� MEFs were treated with mouse
IFN� (1,000 units/ml) for 48 h, and polysomal fractionation
was performed as in our previous studies (13, 24).
Hematopoietic Progenitor Cell Assays—CD34� cells were

transfected with either control nontargeting siRNA or siRNA
specific to human Mnk1 and/or Mnk2 (Dharmacon, Lafay-
ette, CO). In some experiments the cells were also treated
with the Mnk inhibitor CGP57380 (5 �M) or diluent control
DMSO. The cells were then cultured in a methylcellulose as-
say system in the absence or presence of human IFN� (1,000
units/ml) for 14 days, and erythroid (BFU-E) or myeloid
(CFU-GM) colonies were scored as described previously (27,
29). In the experiments to assess the effects of Mnk inhibition
on leukemic CFU-L progenitors, U937 cells were transfected
with either control nontargeting siRNA or siRNAs targeting
Mnk1, Mnk2, or both or treated with either DMSO or
CGP57380 (2.5 �M). The cells were then cultured in a methyl-
cellulose assay system in the absence or presence of human
IFN� (1,000 units/ml) for 7 days, and colony-forming units
were scored as described previously (30).

RESULTS

In initial studies we examined whether IFN� induces phos-
phorylation/activation of Mnk1. For these, sensitive U937
cells were treated with human IFN� for different times, and
cell lysates were analyzed by SDS-PAGE and immunoblotted
with an antibody that recognizes the phosphorylated/acti-
vated form of Mnk1. IFN� treatment resulted in rapid phos-
phorylation/activation of Mnk1, which was noticeable at 10
min and was still detectable 50 min post-IFN� treatment (Fig.
1A), suggesting the involvement of this kinase in IFN� signal-
ing. We also examined whether IFN� treatment regulates
phosphorylation of the downstream effector of Mnk1, eIF4E,
at Ser-209, which is the Mnk phosphorylation site in other
systems (31–34). As shown in Fig. 1B, IFN� treatment of
U937 cells resulted in phosphorylation of eIF4E (Fig. 1B). To
determine whether Mnk activity is essential for Type II IFN-
dependent phosphorylation of eIF4E, we examined whether
such induction is blocked in immortalized MEFs from mice
with targeted disruption of both the Mnk1 and Mnk2 genes
(34). Mnk1/2�/� and Mnk1/2�/� MEFs were serum-starved
and then treated with mouse IFN� for different times. As seen
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in Fig. 2A, IFN� treatment resulted in strong phosphorylation
of eIF4E in Mnk1/2�/� MEFs, whereas this phosphorylation
was not inducible in the Mnk1/2�/� MEFs (Fig. 2A). Consis-
tent with this, in experiments in which the effects of pharma-
cological inhibition of Mnk were evaluated in U937 leukemic
cells, we found that the IFN�-dependent phosphorylation of
eIF4E is Mnk1/2-dependent (Fig. 2B).

We subsequently sought to define upstream signaling
events required for activation of Mnk1 and eIF4E during en-

gagement of the Type II IFN receptor. Mnk1 has been shown
to be phosphorylated by the Erk1 and Erk2 kinases in re-
sponse to various stimuli (31–33). We examined the phos-

FIGURE 1. IFN�-mediated engagement of Mnk1 and eIF4E. A, U937 cells were treated with human IFN� for the indicated times. Total lysates were sepa-
rated by SDS-PAGE and immunoblotted with an antibody against phosphorylated Mnk1 (Thr-197/202). The same blot was stripped and reprobed with an
antibody against total Mnk1. The signals for pMnk1 and total Mnk1 from three independent experiments (including the one shown in A) were quantitated
by densitometry, and the intensity of pMnk1 relative to total Mnk1 expression was calculated. The data are expressed as the means of ratios of pMnk1 to
Mnk1 levels � S.E. for each experimental condition. B, U937 cells were treated with human IFN� for the indicated times. Total lysates were separated by
SDS-PAGE and immunoblotted with an antibody against phosphorylated eIF4E (Ser-209). The same blot was stripped and reprobed with an antibody
against total eIF4E. The signals for peIF4E and total eIF4E from four independent experiments (including the one shown in B) were quantitated by densi-
tometry, and the intensity of peIF4E relative to total eIF4E expression was calculated. The data are expressed as the means of ratios of peIF4E to eIF4E lev-
els � S.E. for each experimental condition.

FIGURE 2. Mnk1/2 is required for IFN�-mediated engagement of eIF4E.
A, Mnk1/2�/� and Mnk1/2�/� MEFs were serum-starved overnight and
treated with mouse IFN� for the indicated times. Equal amounts of lysates
were separated by SDS-PAGE followed by immunoblotting with an anti-
body against phosphorylated eIF4E (S209). The same blot was stripped and
reprobed with an antibody against total eIF4E. B, U937 cells were incubated
with either DMSO or CGP57380 for 60 min and were then treated with hu-
man IFN� for the indicated times. Equal amounts of lysates were separated
by SDS-PAGE and then immunoblotted with an antibody against phos-
phorylated eIF4E (Ser-209). The blot was then stripped and reprobed with
an antibody against eIF4E.

FIGURE 3. IFN�-mediated engagement of Mnk1 and eIF4E is Mek/Erk-
dependent. A, U937 cells were incubated with either DMSO or U0126 for 60
min and were then treated with human IFN� for the indicated times. Equal
amounts of protein were separated by SDS-PAGE and then immunoblotted
with antibodies against phosphorylated Erk1/2 (Thr-202/Tyr-204). The blot
was then stripped and reprobed with an antibody against total Erk1/2.
B, U937 cells were incubated with either DMSO or U0126 for 60 min and
were then treated with human IFN� for the indicated times. Equal amounts
of lysates were separated by SDS-PAGE and then immunoblotted with anti-
bodies against phosphorylated Mnk1 (Thr-197/202) or against phosphory-
lated eIF4E (Ser-209). The respective blots were then stripped and reprobed
with antibodies against total Mnk1 or total eIF4E.
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phorylation of Mnk1 and Mnk2 in U937 cells in the presence
of the Mek/Erk inhibitor U0126. U937 cells were pretreated
with either DMSO (control) or U0126 and then treated with
IFN� for the indicated times. IFN� has been shown to result
in the engagement of Erk1 and Erk2 in various systems (35,
36). As expected, U0126 inhibited IFN�-dependent phosphor-
ylation/activation of Erk1/2 (Fig. 3A). In DMSO pretreated
cells, Mnk1 and eIF4E were phosphorylated by IFN�, whereas
in U0126-treated cells, the activation of Mnk1 and eIF4E was
suppressed (Fig. 3B), indicating that the Mek/Erk pathway is
required for IFN�-mediated activation of Mnk1/eIF4E.
We next examined the role of Mnk1 as a putative mediator

of IFN� signaling events. We initially determined whether
Mnk1 plays a role in the regulation of phosphorylation/activa-

tion of STAT1 and IFN�-regulated gene transcription.
STAT1 phosphorylation by IFN� on both Tyr-701 and Ser-
727 was intact in the absence of either Mnk1 or Mnk2 and in
the absence of both Mnk1 and Mnk2 (Fig. 4, A and B). Con-
sistent with this, transcriptional activation via GAS elements
was intact in luciferase promoter assays (Fig. 4C), establishing
that Mnk kinases do not play roles in the control of IFN�-
induced STAT1 activation or gene transcription. Interest-
ingly, there was some increase seen in the IFN�-induced ser-
ine phosphorylation of STAT1 (Fig. 4A), suggesting a
compensatory effect, but the precise mechanism and rele-
vance of this finding remains to be defined in future studies.
IFN� up-regulates the expression of the IRF-1, which plays

an important role in mediating the biological effects of IFN�

FIGURE 4. Mnk1 and Mnk2 are not required for IFN�-mediated engagement of STAT1 or activation of transcription via GAS elements. A, Mnk1/2�/�,
Mnk1�/�, Mnk2�/�, and Mnk1/2�/� MEFs were treated with IFN� for the indicated times. Equal amounts of total cell lysates were separated by SDS-PAGE
and immunoblotted with antibodies against phosphorylated STAT1 (Ser-727). The blot was stripped and reprobed with antibody against total STAT1. The
signals for pSTAT1 (Ser-727) and total STAT1 from three independent experiments (including the one shown in A) were quantitated by densitometry, and
the intensity of pSTAT1 (S727) relative to total STAT1 expression was calculated. The data are expressed as the means of ratios of pSTAT1(S727) to STAT1
levels � S.E. for each experimental condition. B, Mnk1/2�/�, Mnk1�/�, Mnk2�/�, and Mnk1/2�/� MEFs were treated with IFN� for the indicated times. Equal
amounts of total cell lysates were separated by SDS-PAGE and immunoblotted with antibodies against phosphorylated STAT1 (Tyr-701). The blot was
stripped and reprobed with antibody against total STAT1. The signals for pSTAT1 (Tyr-701) and total STAT1 from three independent experiments (including
the one shown in B) were quantitated by densitometry, and the intensity of pSTAT1 (Tyr-701) relative to total STAT1 expression was calculated. The data are
expressed as the means of ratios of pSTAT1 (Tyr-701) to STAT1 levels � S.E. for each experimental condition. C, Mnk1/2�/�, Mnk1�/�, Mnk2�/�, and
Mnk1/2�/� MEFs were transfected with an 8� GAS luciferase construct. 48 h post-transfection, the cells were incubated with or without IFN� for 6 h. The
cells were then harvested and assayed for luciferase activity. The data are expressed as fold increases in luciferase activity in response to IFN� treatment
over control untreated cells and represent the means � S.E. of four independent experiments.
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(7). To better understand the relevance of the Mnk pathway
in the induction of IFN� responses, we examined and com-
pared the effects of IFN� on IRF-1 gene transcription and
protein expression in single or double Mnk1 and Mnk2
knock-outs and parental cells. IRF-1 protein was clearly IFN�-
inducible in parental MEFs, but such induction was attenu-
ated in the Mnk1�/�, Mnk2�/�, and Mnk1/2�/� MEFs (Fig.
5B). Similarly, IFN�-inducible IRF-1 protein expression was
defective in cells treated with the Mnk inhibitor CGP57380
(Fig. 5A). These results indicate that Mnk1/2 expression/ac-
tivity plays an important role in IFN�-mediated protein ex-
pression of IRF-1. Interestingly, when IFN�-dependent
mRNA expression for IRF-1 was assessed in the different Mnk
knock-out MEFs, we noticed a significant decrease in Mnk1/
2�/� MEFs, whereas there were minimal effects in Mnk1 sin-
gle knock-out MEFs (Fig. 5C). On the other hand, there was
an increase in Mnk2�/� MEFs (Fig. 5C). Thus, although IRF-1
protein expression in response to IFN� is defective in single
or double Mnk1/Mnk2 knock-outs, there are variable profiles
of IRF-1 transcriptional activation/mRNA expression seen in
the differentMnk knock-out cells, suggesting that a different
mechanism, possibly regulation of mRNA translation, primarily
accounts for defective protein expression. To directly determine
the role of theMnk pathway in IRF-1mRNA translation, Mnk1/
2�/� andMnk1/2�/� MEFs were either left untreated or treated
with IFN� for 48 h. The cells were then subjected to hypotonic
lysis and resolved on a sucrose gradient followed by RNA extrac-
tion from the polysomal fractions, and IRF-1 polysomal mRNA
induction was analyzed by quantitative RT-PCR. As seen in Fig.
6, IRF-1mRNA translation was attenuated in theMnk1/2�/�

MEFs, indicating thatMnk1 andMnk2 play important roles in
translation of IRF-1mRNA. Similarly, defective IRF-1mRNA
expression was noticeable in studies using singleMnk1 or single
Mnk2 knock-outMEFs, indicating involvement of both kinases
in this regulation (Fig. 7).

In subsequent studies, we directly examined the effects of
Mnk1 andMnk2 in the generation of IFN�-dependent growth
inhibitory responses. Leukemic U937 cells were treated with
IFN�, in the presence or absence of theMnk inhibitor
CGP57380, and leukemic progenitor (CFU-L) colony formation
was assessed. As shown in Fig. 8A, simultaneous treatment with
theMnk inhibitor partially reversed the antiproliferative effects
of IFN�, suggesting a role forMnk kinases in the generation of
IFN�-dependent antiproliferative responses. To confirm these
results, we also used specific siRNAs targetingMnk1 and/or
Mnk2 and determined the effects of these knockdowns on IFN�-
mediated suppression of leukemic progenitor colony formation.
There was partial reversal of the suppressive effects of IFN� on
leukemic progenitor colony formation (Fig. 8B), definitively es-
tablishing a requirement forMnk1 in the process.
We also performed studies aimed at examining the roles of

Mnk1 and Mnk2 as mediators of the suppressive effects of
IFN� on normal human hematopoiesis. Human CD34� bone
marrow cells were treated with IFN� in the presence or ab-
sence of CGP57380, and normal myeloid (CFU-GM) or eryth-
roid (BFU-E) colony formation was assessed. The suppressive
effects of IFN� on either CFU-GM and/or BFU-E (Fig. 9A)
colonies were partially reversed by the CGP57380. Impor-
tantly, such reversal of myelossuppressive responses was also
seen when CD34� cells were transfected with siRNAs target-
ing Mnk1, Mnk2, or both (Fig. 9B), definitively establishing a
role for the Mnk pathway as a mediator of the suppressive
effects of IFN� on normal hematopoiesis.

DISCUSSION

Extensive work over the years has established the relevance
of Mnk kinases in stress-activated signaling cascades and as
mediators of growth factor and pro-inflammatory signals (37).
A major target for Mnk kinases is the initiation factor eIF4E,
which undergoes Mnk-mediated phosphorylation on serine

FIGURE 5. Requirement of Mnk1 and Mnk2 for IFN�-induced IRF1 protein expression. A, U937 cells were incubated with either DMSO or CGP57380 for
60 min followed by treatment with human IFN� for the indicated times. Equal amounts of lysates were separated by SDS-PAGE and immunoblotted with an
antibody against IRF-1, and the same blot was also probed with an antibody against GAPDH. B, Mnk1/2�/�, Mnk1�/�, Mnk2�/�, and Mnk1/2�/� MEFs were
treated with mouse IFN� for the indicated times. Equal amounts of lysates were separated by SDS-PAGE and immunoblotted with an antibody against
IRF-1, and the same blot was also probed with an antibody against GAPDH. C, Mnk1/2�/�, Mnk1�/�, Mnk2�/�, and Mnk1/2�/� MEFs were treated with
mouse IFN�. The expression of IRF-1 mRNA was assessed by quantitative RT-PCR, using GAPDH as a control. The data are expressed as the fold induction
over corresponding untreated samples and represent the means � S.E. of five independent experiments.
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209 (34, 37). Phosphorylation of eIF4E at this site has been
shown in different studies to be of importance in the initia-
tion of mRNA translation for certain genes, as well as for on-
cogenic transformation and malignant cell proliferation (38–
42). Mnk kinases have been also implicated in the production
of TNF, IL-6, and monocyte chemoattractant protein-1 in
response to LPS (43, 44), whereas more recent studies have
provided evidence that, under certain circumstances, Mnk1 is
involved in cap-independent translation (45, 46). The impor-
tance of the Mnk/eIF4E pathway in tumorigenesis was defini-
tively established in recent work using knock-in mice express-
ing a mutant form of eIF4E, which cannot undergo

phosphorylation on serine 209 (47). These studies demon-
strated that phosphorylation on this site is required for tu-
morigenesis in a prostate cancer mouse model (47). Remark-
ably, eIF4E phosphorylation on serine 209 was also found to
correlate with a high Gleason score, high levels of MMP3 ex-
pression, and disease progression in prostate cancer patients
(47). Other recent studies demonstrated that Mnk1/2 activity
is required for tumor development in the Lck-Pten mouse
model (48), underscoring the relevance of the Mnk/eIF4E
pathway in malignant tumor development.
The only Type II IFN, IFN�, exhibits pleiotropic biological

functions, including immunomodulatory, antitumor, and an-

FIGURE 6. Mnk kinases are required for IFN�-induced IRF1 mRNA translation. A, Mnk1/2�/� and Mnk1/2�/� MEFs were either left untreated or treated
with mouse IFN�. The cells were subjected to hypotonic lysis followed by separation on a 10 –50% sucrose gradient, and the optical density at 254 nm (OD
254) was recorded. The optical density at 254 nm is shown as a function of gradient depth for each treatment. B, IRF-1 mRNA expression in the polysomal
fractions was determined by quantitative RT-PCR, using GAPDH for normalization. The data are expressed as fold increases in the IFN�-treated samples over
untreated samples and represent the means � S.E. of three independent experiments.
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tiviral activities (49). This cytokine plays key roles in the gen-
eration of antineoplastic activities and in the immune surveil-
lance against tumors (49). Interestingly, IFN� has also been

implicated in diverse pathophysiological states, ranging from
bone marrow failure (50) to arteritis (51) or atherosclerosis
(52). Such a functional diversity of responses suggests the ex-

FIGURE 7. Mnk1 and Mnk2 in IFN�-induced mRNA translation. A, Mnk1/2�/�, Mnk1�/�, and Mnk2�/� MEFs were either left untreated or treated with
mouse IFN�. The cells were subjected to hypotonic lysis followed by separation on a 10 –50% sucrose gradient, and the optical density at 254 nm (OD 254)
was recorded. The optical density at 254 nm is shown as a function of gradient depth for each treatment. B, IRF-1 mRNA expression in the polysomal frac-
tions was determined by quantitative RT-PCR, using GAPDH for normalization. The data are expressed as fold increases in the IFN�-treated samples over
untreated samples and represent the means � S.E. of four independent experiments.

FIGURE 8. Mnk kinases mediate the antiproliferative effects of IFN� on U937 cells. A, U937 cells were incubated in clonogenic assays in methylcellulose
with or without human IFN�, in the presence of DMSO or CGP57380, as indicated. Leukemic CFU-L colonies were scored, and the data are expressed as per-
centages of control DMSO treated colonies and represent the means � S.E. of three independent experiments. Paired t test analysis showed p � 0.00275
for the combination of DMSO and IFN� versus the combination of CGP57380 and IFN�. B, U937 cells were transfected with the indicated siRNAs and plated
in a methylcellulose assay system in the absence or presence of human IFN�. The data are expressed as percentages of control siRNA transfected cell-de-
rived colony formation and represent the means � S.E. of six independent experiments. Paired t test analysis showed p � 0.00019 for the combination of
control siRNA and IFN� versus the combination of Mnk1-specific siRNA and IFN�; p � 0.00011 for the combination of control siRNA and IFN� versus the
combination of Mnk2-specific siRNA and IFN�; and p � 0.00073 for the combination of control siRNA and IFN� versus the combination of Mnk1- and Mnk2-
specific siRNAs and IFN�. UT, untreated.
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istence and coordination of multiple cellular pathways acti-
vated by the Type II IFN receptor. It should be noted that the
Type II IFN receptor is structurally and functionally distinct
from the Type I IFN receptor, and IFN� has only minimal
identity with the family of Type I IFNs (53).
In the current study, we examined whether Mnk kinases

are engaged in signaling by the Type II (IFN�) receptor and
their functional relevance in the induction of Type II IFN-
mediated mRNA translation of regulated genes and genera-
tion of IFN� responses. Our data demonstrate that Mnk1 is
phosphorylated/activated in an IFN�-inducible manner in
sensitive cells and regulates downstream phosphorylation of
eIF4E on serine 209. In studies using double knock-out MEFs
for both Mnk1 and Mnk2, we identified a requirement for
Mnks in the phosphorylation/activation of eIF4E. Moreover,
mRNA translation of the IRF-1 gene and expression of the
IRF-1 protein was defective in Mnk1 and/or Mnk2 MEFs, in-
dicating a requirement for the Mnk pathway in IRF-1 protein
expression. Notably, IRF-1 has been shown to promote induc-
tion of anti-tumor activities in a variety of tumors (54–56)

and to play an important role in mediating the antiprolifera-
tive effects of IFN� in malignant mesothelioma cell lines (57)
and in oligodendrocyte progenitor cells (58).
Our findings establish that the function of Mnk kinases is

essential for generation of the suppressive effects of IFN� in
normal human CD34�-derived erythroid (BFU-E) and mye-
loid (CFU-GM) progenitors, defining a critical and essential
role for the pathway in the regulation of normal hematopoie-
sis by IFN�. Based on our data, these regulatory effects of the
Mnk pathway may reflect the requirement for Mnks in IRF-1
mRNA translation, because previous studies have also shown
that IRF-1 plays an important role in mediating IFN�-induced
inhibitory responses in normal human hematopoietic CD34�
progenitor cells (59). Thus, as in the case of Type I IFNs (60),
Mnk kinases appear to play key and essential roles in mRNA
translation of certain ISGs and generation of signals required
for antiproliferative responses and the suppression of hemato-
poiesis. The requirement of the Mnk/eIF4E pathway in the
generation of IFN-dependent antiproliferative responses and
suppressive effects on normal and leukemic hematopoiesis is

FIGURE 9. Mnk kinases are essential for the generation of the myelossuppressive effects of IFN�. A, CD34� cells derived from normal bone marrow
were incubated in clonogenic assays in methylcellulose with or without human IFN�, in the presence of DMSO or CGP57380, as indicated. CFU-GM and
BFU-E progenitor colonies were scored after 14 days in culture. The data are expressed as percentages of control colony formation from DMSO treated cells
and represent the means � S.E. of five independent experiments. Paired t test analysis showed p � 0.0022 for the combination of DMSO and IFN� versus
the combination of CGP57380 and IFN� for CFU-GM colonies. Paired t test analysis showed p � 0.0102 for the combination of DMSO and IFN� versus the
combination of CGP57380 and IFN� for BFU-E colonies. B, CD34� cells derived from normal bone marrow were transfected with the indicated siRNAs and
were then plated in a methylcellulose assay system, in the absence or presence of human IFN�, as indicated. CFU-GM and BFU-E progenitor colonies were
scored after 14 days in culture. The data are expressed as percentages of control colony formation from control siRNA transfected cells and represent the
means � S.E. of five independent experiments. Paired t test analysis showed p � 0.0031 for the combination of control siRNA and IFN� versus the combina-
tion of Mnk1 siRNA and IFN� for CFU-GM colonies; and p � 0.0084 for the combination of control siRNAs and IFN� versus the combination of Mnk1 siRNA
and IFN� for BFU-E colonies. Paired t test analysis showed p � 0.0026 for the combination of control siRNA and IFN� versus the combination of Mnk2 siRNA
and IFN� for CFU-GM colonies; and p � 0.011 for the combination of control siRNAs and IFN� versus the combination of Mnk2 siRNA and IFN� for BFU-E
colonies. Paired t test analysis showed p � 0.0151 for the combination of control siRNA and IFN� versus the combination of Mnk1 and Mnk2 siRNAs and
IFN� for CFU-GM colonies and p � 0.0198 for the combination of control siRNAs and IFN� versus the combination of Mnk1 and Mnk2 siRNA and IFN� for
BFU-E colonies. UT, untreated.
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in some ways surprising, because there is extensive evidence
implicating this pathway in tumorigenesis and malignant cell
proliferation (38–42, 47, 48). It is possible that, in contrast to
growth factors and oncogenes, this pathway is used in a selec-
tive way by the Type II IFN receptor for mRNA translation of
genes, such as IRF-1, that mediate growth inhibitory re-
sponses. Coordination of gene transcription by IFN-activated
JAK-STAT pathways and IFN-dependent engagement of the
Mnk/eIF4E pathway may lead to expression of proteins that
mediate growth suppression. Importantly, it is possible that
the Type II IFN receptor competes with growth factor recep-
tors for use of this pathway, depriving them of a pathway es-
sential for mitogenic responses and tumorigenesis.
In addition to eIF4E, Mnks are known to regulate the func-

tion of several other signaling proteins and effectors. Mnk1 is
implicated in the phosphorylation of the heterogenous ribo-
nuclear protein A1 (61), as well as PSF (the polypyrimidine
tract-binding protein-associated splicing factor), both of
which are AU-rich element-binding proteins that interact
with the TNF� mRNA (62). In addition, Mnk1 phosphory-
lates Sprouty 2, a negative regulator of Erk signaling (63). The
phosphorylation of Sprouty 2 by Mnk1 regulates its stability
and prevents its degradation, providing an important control
point for activation of the Erk pathway by FGF (63). Addition-
ally, Mnk1 has been shown to phosphorylate cytosolic phos-
pholipase A2 on serine 727, resulting in its activation and sub-
sequent arachidonate release (64). The potential regulation of
such Mnk-controlled pathways by the IFN� receptor and im-
plications that such pathways may have in IFN�-induced,
Mnk-dependent, hematopoietic suppression remains to be
directly examined in future studies. Nevertheless, indepen-
dent of the identity of putative downstream effectors that may
be involved in the process, our data suggest a central role for
this kinase in myelossuppression. Beyond its involvement in
Type I (60) and II IFN signaling, Mnk activity is essential for
mRNA translation of the gene for TNF� (62), a cytokine that
exhibits potent myelossuppressive effects (65, 66). Thus, it is
possible that, as is the case for p38 MAPK (17, 25, 66–68),
Mnk is a central integrator of signals for the generation of
myelossuppressive responses in the regulation of hematopoie-
sis. If this hypothesis proves to be correct, it would raise the
possibility of studies to target this pathway for the treatment
of bone marrow failure syndromes involving overproduction
of myelossuppressive cytokines (50), and this should be ad-
dressed in future studies.
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