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Background: The mechanisms by which IFNs generate antineoplastic responses remain to be defined.
Results: Type I IFN treatment results in activation of the Mnk/eIF4E pathway in Jak2V617F-transformed cells, and this
activation is required for the antineoplastic effect.
Conclusion:Mnk kinases are essential for the antineoplastic effects of IFN.
Significance: This study provides evidence for a key mechanism mediating the effects of IFNs in malignant MPN precursors.

Themechanisms of generation of the antineoplastic effects of
interferons (IFNs) in malignant hematopoietic cells remain to
be precisely defined. We examined the activation of type I IFN-
dependent signaling pathways in malignant cells transformed
by Jak2V617F, a critical pathogenic mutation in myeloprolifer-
ative neoplasms (MPNs). Our studies demonstrate that during
engagement of the type I IFN receptor (IFNAR), there is activa-
tion of Jak-Stat pathways and also engagement of Mnk kinases.
Activation of Mnk kinases is regulated by theMek/Erk pathway
and is required for the generation of IFN-induced growth inhib-
itory responses, but Mnk kinase activation does not modulate
IFN-regulated Jak-Stat signals. We demonstrate that for type I
IFNs to exert suppressive effects in malignant hematopoietic
progenitors from patients with polycythemia vera, induction of
Mnk kinase activity is required, as evidenced by studies involv-
ing pharmacological inhibitionofMnkor siRNA-mediatedMnk
knockdown. Altogether, these findings provide evidence for key
and essential roles of theMnk kinase pathway in the generation
of the antineoplastic effects of type I IFNs in Jak2V617F-depen-
dent MPNs.

Extensive work during the past four decades has established
that IFNs exhibit important biological activities, most promi-
nent of which are their antiviral and antineoplastic effects

(1–5). IFNs also exhibit important immunomodulatory prop-
erties (1–5). The demonstration that IFNs have antiviral and
antitumor properties has led to extensive clinical trials over the
years that have established that one type I IFN subtype, IFN�,
has major activity for the treatment of hepatitis and certain
malignancies (6–10). In addition, IFN� is used extensively for
the treatment of multiple sclerosis (11, 12). It should be noted
that beyond the therapeutic properties of IFNs in various
malignancies, the IFN system appears to be involved in the
pathophysiology of some autoimmune diseases such as Sjögren
syndrome and systemic lupus erythematosus (13–15) as well as
in the immune pathophysiology of aplastic anemia (16), under-
scoring the importance and physiological relevance of regula-
tion of the IFN system in humans (13–15).
The type I IFN receptor (IFNAR)4 activates multiple signal-

ing cascades that control the generation of IFN biological
effects via coordinated engagement of downstream effectors (5,
17). These include Jak-Stat pathways (reviewed in Refs. 18 and
19), Map kinase pathways (reviewed in Refs. 5, 20, and 21),
PKC-dependent pathways (reviewed in Ref. 22), and mTOR
signaling cascades (reviewed in Refs. 23 and 24). In recent years,
a better understanding of the relevance of the different prod-
ucts of IFN-stimulated genes, regulated by these specific signal-
ing pathways, has defined their specific roles in the generation
of IFN responses (25, 26). It appears that the coordinated func-
tion of Jak-Stat pathways and cascades that control mRNA
translation ultimately result in production of proteins with
tumor suppressor or antiviral properties to generate antineo-
plastic and antiviral responses, respectively. There is accumu-
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lating evidence that mTOR-initiated signals constitute key
effector pathways that regulate translation of IFN-stimulated
genes (23, 24, 27–31). Utilization of mTOR pathways down-
stream of IFNAR is of substantial interest, asmTOR-controlled
signals are also utilized to regulate mRNA translation of genes,
the expression of which is controlled by growth factors, onco-
genes, and other transformation signals (23). Similarly, there is
evidence that other pathways known to be involved in growth
factor and pro-oncogenic signaling, such as the Mek/Erk path-
way, are also involved in the control of IFN-dependent mRNA
translation of IFN-stimulated genes by engaging Mnk kinases
and regulating phosphorylation of the eIF4E in a Mnk-depen-
dent manner (24, 32, 33).
Philadelphia chromosome negative (Ph�) myeloprolifera-

tive neoplasms (MPNs) are clonal hematopoietic stem cell dis-
orders and include polycythemia vera (PV), essential thrombo-
cytosis, and myelofibrosis (34–36). PV and other MPNs are
characterized by high sensitivity to the antiproliferative effects
of type I IFNs, and thishas resulted in the introductionof IFN� for
the treatment of patients suffering from these diseases (34–36).
However, despite the therapeutic effectiveness of IFN� in the
treatment of MPNs, their mechanism(s) of action related to their
antineoplastic activity in MPNs remains largely unknown. In the
present study,weundertookasystematicanalysis todefine therole
of Mnk kinase pathways in Jak2V617F-transformed MPN cells.
The Jak2 mutation V617F is pathogenic in MPNs (34). Our data
provide the first evidence that IFN-dependent activation of Mnk
kinases downstream of theMek/Erk pathway is required for gen-
eration of IFN-induced growth inhibitory responses inMPNcells.
Remarkably, transformation of normal hematopoietic precursors
with Jak2V617F results in enhanced IFN sensitivity, whereasMnk
kinase activity is essential for the suppressive effects of IFN� on
primary malignant progenitors from patients with PV, establish-
ing a critical role for the Mnk pathway in the generation of the
antineoplastic effects of type I IFNs.

MATERIALS AND METHODS

Cell Lines, Reagents, and Antibodies—HEL cells were grown
in RPMI supplemented with 10% (v/v) fetal bovine serum and
antibiotics. Recombinant human IFN� was from Hoffman
LaRoche, and recombinant human andmouse IFN� were from
Biogen Idec. The antibodies against p-Mnk1 (Thr197/202),
p-eIF4E (Ser209), eIF4E, pSTAT1 (Tyr701), p-STAT3 (Tyr705),
STAT3, p-Erk1/2 (Thr202/Tyr204), Erk1/2, MEK1, and JAK2
were obtained from Cell Signaling Technology (Danvers, MA).
The antibody against STAT1 was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). The antibody for
GAPDHwas obtained fromMillipore (Billerica,MA). TheMnk
inhibitor (Mnk-I) was obtained from Calbiochem (Darmstadt,
Germany). Ba/F3-EpoR cells and Ba/F3-EpoR cells expressing
WT Jak2 or Jak2V617F were kindly provided by Dr. Gary Gili-
land. Forgene silencingby siRNA, cellswere transfectedwithcon-
trol non-targeting or double-stranded RNA oligonucleotides
(Dharmacon) directed to Mnk1 (SMARTpool L-004879-00-
0005),Mnk2 (SMARTpool L-004908-0005)MEK1 (L-003571-00-
0005), Erk1 (L-003592-00-0005), and Erk2 (L-003555-00-0005)
using the Amaxa Biosystems Nucleofection kit per the manufac-
turer’s instructions.

Cell Lysis and Immunoblotting—Cells were treated, lysed in
phosphorylation lysis buffer containing protease and phospha-
tase inhibitors, and prepared for immunoblotting as described
previously (33, 37). In some experiments, cells were serum-
starved overnight and treated with 104 units/ml of IFN� or
IFN�. Immunoblotting using an enhanced chemiluminescence
method (Amersham Biosciences) was carried out as described
in previous studies (33, 37). Bandswere quantified by densitom-
etry using ImageJ software.
Hematopoietic Cell Progenitor Assays—Peripheral blood

from patients with PV patients was collected after obtaining
consent approved by the Institutional Review Board of North-
western University, and mononuclear cells were isolated fol-
lowingHistopaque density gradient separation (Sigma). Hema-
topoietic progenitor colony formation for human erythroid
precursors (burst-forming unit erythroid (BFU-E)) was deter-
mined in clonogenic assays in methylcellulose as described in
our previous studies (32, 37). In some experiments, cells were
treated with either MNK inhibitor or DMSO control at a final
concentration of 10 �M. Cells were plated in duplicate in com-
plete methylcellulose (Stem Cell Technologies, Vancouver,
Canada) and were subsequently cultured for 2 weeks at 37 °C
and 5%CO2, and hematopoietic colony formationswere scored
as described in our previous studies (32, 37, 38).
Evaluation of ErythroidDifferentiation andOverexpression of

JAK2 Constructs—Differentiation of human CD34� cells to
colony-forming units erythroid (CFU-E) was achieved by cul-
ture in a cytokine mixture as described previously (39, 40). Pri-
mary normal CD34� progenitor cells were obtained from Stem
Cell Technologies. Expanded CFU-E were nucleofected with
JAK2wt-IRES-GFP or JAK2V617F-IRES-GFP vectors (41) fol-
lowing the manufacturer’s instructions (Amaxa AG, Cologne,
Germany), and the expression of JAK2 was assessed after 48 h.
Cell Viability/Proliferation Assays—Experiments using the

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
methodology were carried out as described in our previous
studies (42).
Mobility Shift Assays—Actively growing cells were treated

with 104 international units/ml human IFN� for 15 min. Equal
amounts of nuclear extracts from untreated or IFN-treated
cells were analyzed using electrophoretic mobility shift assays
with oligonucleotides to detect sis-inducible factor complexes
as described in our previous studies (43).
Quantitative Real Time PCR (Taqman)—Cellular mRNA

was reverse-transcribed into cDNA using the Omniscript RT
kit and oligo(dT) primer (Qiagen) as described previously (33).
Quantitative PCR using commercially available FAM-labeled
probes and primers (Applied Biosystems) to determine Mnk1
and Mnk2 mRNA expression was used. GAPDH was used for
normalization. The mRNA amplification was calculated as
described previously (44).

RESULTS

We examined the activation of IFNAR-dependent signaling
pathways in cells expressing the Jak2V617F mutation, which is
a critical pathogenic mutation in MPNs (35). For these studies,
the human erythroleukemia HEL cell line that expresses the
Jak2V617F mutation was used. As shown in Fig. 1, type I IFN
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FIGURE 1. Activation of type I IFN-dependent signaling pathways in human JAK2V617F expressing cells. A and B, HEL cells were treated with human IFN�
for the indicated times. Protein lysates were resolved by SDS-PAGE and immunoblotted with an antibody against phosphorylated Mnk1 (Thr197/202) (A) or an
antibody against phosphorylated eIF4E (Ser209) (B). Lysates from the same experiments were analyzed separately and immunoblotted for total Mnk1 (A) or total
eIF4E (B). Both of the blots were probed with an antibody against GAPDH. In A, the anti-GAPDH blot for the p-Mnk1 and p-eIF4E is shown, whereas in B, the
anti-GAPDH blot for the anti-Mnk1 and anti-eIF4E blots are shown. Bands were quantified by densitometry, and data are expressed as ratios of p-Mnk1/Mnk1
and p-eIF4E/eIF4E, respectively. C and D, HEL cells were treated with human IFN� for the indicated times. Proteins in lysates were resolved by SDS-PAGE and
immunoblotted with antibodies against phosphorylated STAT1 (Tyr701) (C) or phosphorylated STAT3 (Tyr705) (D). The blots were then stripped and reprobed
with an antibody against STAT1 or STAT3, respectively. Bands were quantified by densitometry, and data were expressed as ratios of p-STAT1/STAT1 and
p-STAT3/STAT3, respectively. E, HEL cells were treated for 7days with the indicated concentrations of IFN�, and cell viability was determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays. Data are expressed as percentage control cells and represent means � S.E. of four independent
experiments. IU, international units; 15�, 15 min; 30�, 30 min; 120�, 120 min.
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treatment of HEL cells resulted in phosphorylation/activation
of Mnk1 (Fig. 1A) and its downstream effector eIF4E (Fig. 1B).
In addition, IFN-activated Jak-Stat pathways were also engaged
as reflected by the inducible phosphorylation of Stat1 on tyro-
sine 701 (Fig. 1C) and Stat3 on tyrosine 705 (Fig. 1D), both of
which are classic events in IFN signaling. There was a dose-de-
pendent inhibition of cell viability of HEL cells during IFN
treatment (Fig. 1E), indicating that these cells are sensitive to
type I IFN-mediated growth inhibition. In further studies, we
established that IFN-dependent phosphorylation of eIF4E in
HEL cells is Mnk-dependent (Fig. 2A) and that engagement of
the Mnk/eIE4E pathway is MEK/Erk dependent, as shown by
studies in which MEK1 or Erk1/2 were knocked down using

specific siRNAs (Fig. 2, B and C, and supplemental Fig. S1).
Consistent with this, engagement of Mnk1 (Fig. 2D) or eIF4E
(Fig. 2E) via IFNAR inHEL cells was partially inhibited by phar-
macological inhibition ofMek/Erk. Notably, as expected, phos-
phorylation of Stat1 was Mek/Erk-independent (Fig. 2E).
Indeed, Mnk activity did not affect formation of Stat homo- or
heterodimers that bind to SIE (Fig. 2, F and G), indicating that
the Mnk signaling pathway operates independently of the Jak-
Stat pathway in Jak2V617F-expressing cells. Altogether, these
studies suggest that IFN activation of IFNAR in Jak2V617F-
expressing cells results in activation of theMnk/eIF4E pathway
in a Mek/Erk-dependent manner, with parallel activation of
Jak-Stat pathways.

FIGURE 2. Type I IFN-dependent engagement of Mnk1 and eIF4E in JAK2V617F transformed cells is Mek/Erk-dependent. A–C, HEL cells were transfected
with either control (Ctrl) siRNA or Mnk1and Mnk2 siRNA (A) or MEK1 siRNA (B) or Erk1 and Erk2 (C) as indicated, followed by treatment with IFN� for the indicated
times. The cells were lysed, and equal amounts of protein were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. D and E, HEL cells
were pretreated with either DMSO or the Mek1/2 inhibitor U0126 (10 �M) for 60 min and followed by treatment with human IFN� for the indicated times. Equal
amounts of protein were resolved by SDS-PAGE and immunoblotted with antibodies against phosphorylated Mnk1 (Thr197/202) (D), phosphorylated Erk1/2
(Thr202/Tyr204) (D), or phosphorylated eIF4E (Ser209) (E) or phosphorylated Stat1 (Tyr701) (E). The blots were stripped and reprobed with antibodies against
Mnk1or Erk1/2, respectively (D), and eIF4E or STAT1, respectively (E). F, HEL cells were pretreated with a Mnk-I prior to treatment with IFN�, as indicated. Nuclear
extracts were reacted with 40,000 cpm of 32P-labeled SIE oligonucleotides, and complexes were resolved by native gel electrophoresis and visualized by
autoradiography. The migration of the different STAT complexes is indicated by arrows. SIF, sis-inducible factor. G, similar experiment as in F, except that
supershifts with an antibody against Stat1 or control RIgG were performed, as indicated.
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To examine whether expression of Jak2V617F modulates
IFN-signaling pathways, we used Ba/F3 cells expressing WT
Jak2 or the Jak2V617Fmutant (45). Expression ofWT-Jak2 did
not modulate type I IFN-dependent phosphorylation of Stat1
on Tyr701 (Fig. 3A), but Jak2V617F expression reduced this
phosphorylation (Fig. 3A). Similarly, phosphorylation of Stat3

FIGURE 3. Effects of JAK2V617F expression on IFN-activated signaling
pathways. A–C, Ba/F3 cells expressing WT-Jak2 or Jak2V617F and/or EpoR, as
indicated, were treated for the indicated times with IFN� and IFN�, and cell

lysates were immunoblotted with antibodies against the phosphorylated
form of Stat1 on tyrosine 701 or against Stat1 (A); antibodies against the
phosphorylated form of Stat3 on tyrosine 705 or against Stat3 (B); or antibod-
ies against the phosphorylated form of Akt on serine 473 or against Akt (C). D
and E, Ba/F3 cells expressing EpoR and WT-Jak2 or Jak2V617F were treated for
the indicated times with IFN�, and cell lysates were immunoblotted with
antibodies against the phosphorylated form of Mnk1 on threonine 197/202
or against Mnk1 or the phosphorylated form of eIF4E on serine 209 or against
eIF4E or against GAPDH (D); or against the phosphorylated form of Erk on
threonine 202/tyrosine 204 or against Erk (E) as indicated.

FIGURE 4. Requirement of Mnk kinase activity for the antiproliferative
effects of IFNb. A and B, Ba/F3 cells expressing the EpoR and either WT-JAK2
(A) or Jak2V617F (B) were pretreated with either DMSO or Mnk-I and then
treated for 7 days with the indicated concentrations of IFN�. Cell viability was
determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bro-
mide assays. Data are expressed as the percentage of control cells and repre-
sent means � S.E. of three experiments.
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on Tyr705 was decreased in cells expressing V617F-Jak2 (Fig.
3B), whereas IFN-dependent phosphorylation of Akt was intact
(Fig. 3C). When the effects of V617F-Jak2 expression on the
Erk/Mnk/eIF4E pathway were examined, we found that there
was enhanced phosphorylation/activation in cells expressing
Jak2V617F compared with WT-Jak2 (Fig. 3, D and E). Inter-
estingly, Ba/F3-V617FJak2 cells were less sensitive to the
growth inhibitory effects of mouse IFN� (Fig. 4,A and B), but
for both WT-Jak2 and Jak2V617F-expressing cells, the
Mnk-I pharmacological inhibitor partially reversed IFN-
suppressive responses (Figs. 4A and B).
IFNs are potent suppressors of normal hematopoiesis (17,

21), and previous studies have implicatedMnk pathways in the
generation of the inhibitory effects of type I IFNs in normal
hematopoietic precursors (32, 33). In studies examining the
expression ofMnk1 andMnk2 during differentiation of normal
human bone marrow cells, we found that there is a gradual
increase of both Mnk1 and Mnk2 mRNA during erythroid dif-
ferentiation, with the highest expression seen on days 13/14
(Fig. 5, A and B). This suggests an important role for Mnk
kinases during erythroid development and led us to further
studies to examine their roles in the generation of the effects of
type I IFNs on malignant erythropoiesis caused by the
Jak2V617F mutation. To determine whether Mnk-generated
signals are required for the generation of the antineoplastic

effects of type I IFNs in cells transformed by Jak2V617F, we
transduced normal human bone marrow-derived CD34� cells
with retroviral vectors expressing either WT Jak2 or mutant
V617F Jak2 (Fig. 5C). When the inhibitory effects of IFN� were
assessed on transduced CD34�-derived hematopoietic precur-
sors, we found that IFN� exhibited suppressive effects in both
myeloid (CFU-GM) and erythroid (BFU-E) precursors (Fig.
5D). Mnk-I treatment reversed the effects of IFN� on both
BFU-E and CFU-GM in human hematopoietic cells expressing
WT-Jak2 (Fig. 5D). Notably, Mnk-I treatment of cells trans-
ducedwith Jak2V617F resulted in reversal of the effects of IFN�
on transformed BFU-E progenitors but had minimal effects on
CFU-GM precursors (Fig. 5D), suggesting relative selectivity in
malignant erythroid progenitors and the involvement of addi-
tional signaling pathways acting independently of Mnk/eIF4E.
Taken altogether, our studies implicateMnk pathways in the

generation of the antineoplastic effects of type IFNs on malig-
nant erythroid precursors. To define the role of the pathways in
a pathophysiologically relevant system, studieswere carried out
to determine the effects of the Mnk pathways in the induction
of IFN responses in primary malignant erythroid precursors
from patients with PV. As expected, treatment with IFN� sup-
pressed primary malignant BFU-E hematopoietic precursors
from PV patients (Fig. 6A) in clonogenic assays in methylcellu-
lose. This suppressionwas partially reversed byMnk-I (Fig. 6A),

FIGURE 5. Expression of Mnk1 and Mnk2 during normal human bone marrow erythroid differentiation and their roles as mediators of Type I IFN-de-
pendent suppression of JAK2V617F transformed CD34�-derived human erythroid progenitors. A and B, bone marrow-derived human CD34� cells were
allowed to differentiate toward the erythropoietic lineage, using the methodology described under “Materials and Methods.” mRNA expression of Mnk1 (A)
and Mnk2 (B) genes was assessed at the indicated days of hematopoietic cell differentiations by quantitative RT-PCR (Taqman), using GAPDH for normalization.
Data are expressed as fold induction over corresponding samples obtained at day 3 and represent means � S.E. of three independent experiments. C,
expanded CFU-E cells were nucleofected with JAK2wt-IRES-GFP or JAK2V617F-IRES-GFP expressing vectors for 48 h. Equal amounts of protein were separated
by SDS-PAGE and then immunoblotted with antibodies against JAK2 or GAPDH. D, normal CD34� bone marrow-derived cells were transfected with JAK2wt-
IRES-GFP or JAK2V617F-IRES-GFP vectors, respectively. These cells were then incubated in the presence or absence of IFN�, along with DMSO or Mnk-I, in
clonogenic assays in methylcellulose as indicated. Myeloid (CFU-GM) and early erythroid (BFU-E) progenitor colonies were scored after 14 days in culture. Data
are expressed as percentage control (CTRL) colony formation from untreated cells and represent means � S.E. of four independent experiments.
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indicating a requirement for Mnk kinase activity for induction
of IFN responses in these cells. In addition, reversal was seen
whenMnk1 orMnk2 was knocked down using specific siRNAs
(Fig. 6, B and C), definitively establishing a requirement for
Mnk kinases in the generation of IFN responses in malignant
erythroid precursors.

DISCUSSION

In recent years, there has been accumulating preclinical and
clinical evidence that IFN� exhibits significant therapeutic

activity in the treatment of MPNs in humans. Extensive work
has established the relevance and utility of IFN treatment in the
management of patients withMPNs (35). This includes activity
in various hematological malignancies that result from trans-
formation by the mutated Jak2 protein, including PV (46–49),
essential thrombocytosis (48–51), and primary myelofibrosis
(49–53). Although IFN� is also effective in other myeloprolif-
erative states and diseases such as BCR-ABL-induced chronic
myeloid leukemia (54), its activity in Jak2V617F-caused MPNs
has particularly important implications, as strategies for the
management of MPNs are muchmore limited than for chronic
myeloid leukemia. Although the mechanisms of action of IFN
in myeloproliferative disorders remain to be precisely defined,
there has been evidence over the years that type I IFN treatment
suppresses the growth of malignant hematopoietic progenitors
(17), which may account for induction of remission in malig-
nant myeloid hematopoietic disorders. There is also evidence
for other mechanisms that may contribute indirectly to the
antineoplastic effects of IFN� such as inhibition of cytokine
secretion in the bone marrow microenvironment (55), inhibi-
tion of angiogenesis (56), and immunoregulatory effects (57).
There has been emerging evidence that activated Mnk

kinases downstream of IFN receptors play important roles in
mRNA translation of IFN-stimulated genes and the generation
of protein products that mediate important biological
responses (32, 33). Also, unique roles for these kinases were
demonstrated in the regulation of normal hematopoiesis by
IFNs (32, 33), suggesting that bothMnk1 andMnk2 play essen-
tial roles in IFN-inducible growth inhibitory responses in nor-
mal cells. Beyond involvement of Mnk pathways, there is evi-
dence that the coordinated functions of other IFNAR-regulated
signals have important roles in induction of IFN responses in
normal hematopoietic progenitors (5, 33). Although much is
now known about the signaling pathways that mediate IFN
responses in normal hematopoietic precursors, the pathways
and cellular networks, the functions of which are required for
the generation of the effects of IFNs in malignant hematopoi-
etic progenitors, remain to be defined. Recent work has also
implicated engagement of the p38 MAPK pathway in the sup-
pression of Jak2V617F-positive Ph (�) hematopoietic progen-
itor cells (58). Interestingly, engagement of this pathway was
shown previously to be essential for the antileukemic effects of
IFN� in Ph (�) leukemic progenitors from patients with
chronic myeloid leukemia (38), suggesting a similarity in the
mechanism of action in distinct malignant phenotypes. Other
recent work has identified Sprouty proteins as novel regulators
with inhibitory properties on the generation of the suppressive
effects of IFN� in primary malignant erythropoietic progeni-
tors (37). Interestingly, IFN-dependent phosphorylation/acti-
vation of the p38MAPK pathway was shown to be enhanced in
Spry 1/2/4�/� cells in that study (37), suggesting that inhibition
of p38MAPK activationmay be onemechanism bywhich these
proteins act as negative feedback regulators in the generation of
IFN responses.
Mnk kinases are effector kinases ofMAPKpathways and play

important regulatory roles in cells by controlling phosphoryla-
tion of the eIF4E (reviewed in Ref. 60). Because of their involve-
ment in promalignant/promitogenic cellular pathways and the

FIGURE 6. Mnk kinase activity is essential for the inhibitory effects of IFN�
on malignant erythroid hematopoietic progenitors from patients with
PV. A, mononuclear cells derived from peripheral blood of patients with PV
were incubated with DMSO or Mnk-I as indicated and were then plated in a
methylcellulose assay system in the absence or presence of human IFN�.
Malignant erythroid (BFU-E) progenitor colonies were scored after 14 days in
culture. Data are expressed as percentage control colony formation of con-
trol, untreated siRNA-transfected cells and represent means � S.E. of five
independent experiments. Paired t test analysis showed p � 0.0009 for the
combination of control DMSO and IFN� versus the combination of Mnk-I and
IFN�. B, HEL cells were nucleofected with Mnk1 and Mnk2 siRNA (si) for 48 h
and Mnk1 and Mnk2 gene expression was tested by quantitative RT-PCR (Taq-
man), using GAPDH for normalization. Means � S.E. of three experiments are
shown. C, mononuclear cells derived from peripheral blood of patients with
PV were transfected with the indicated siRNAs and were then plated in a
methylcellulose assay system, in the absence or presence of human IFN�.
BFU-E progenitor colonies were scored after 14 days in culture. Data are
expressed as percentage control (Ctrl) colony formation of the untreated con-
trol siRNA-transfected cells and represent means � S.E. of four independent
experiments. Paired t test analysis showed p � 0.0044 for the combination of
control siRNA and IFN� versus the combination of Mnk1 siRNA and IFN�; and
p � 0.0141 for the combination of control siRNA and IFN� versus the combi-
nation of Mnk2 siRNA and IFN�.

Role for Mnk Pathway in Inhibitory Effects of IFNs in MPNs

23820 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 33 • AUGUST 16, 2013



fact that their target eIF4E is deregulated in several malignan-
cies, there has been substantial interest in targeting these
kinases for the treatment of various tumors (61–64). In fact,
preclinical studies investigating cercosporamide, a novel Mnk
inhibitor in different types of malignancies, are encouraging
and suggest that Mnk targeting may provide an effective anti-
tumor approach in the future (63, 64). Surprisingly, however,
there is also emerging evidence that in the case of IFNs, the
Mnk-eIF4E pathway plays a positive role and is required for
mRNA translation of genes regulated by IFN activation of the
type I IFN receptor.
Type I IFNs are cytokines that suppress cell proliferation

and several of the genes that they induce exhibit proapop-
totic properties (4). Accordingly, we sought to determine
whether the Mnk-eIF4E pathway is implicated in the gener-
ation of the inhibitory effects of IFNs in MPN cells that
express the Jak2V617F mutation. Our studies establish that
the Mnk-eIF4E pathway is activated in Jak2V617F-trans-
formed cells in aMek-Erk-dependentmanner and that its func-
tion is essential for the generation of the inhibitory effects of
IFN� in malignant hematopoietic progenitors from PV
patients. These findings establish that the Mnk/eIF4E pathway
plays key and essential regulatory roles in the generation of the
antineoplastic effects of type I IFNs, whereas it remains to be
seen whether beyond eIF4E, other putative downstream effec-
tors of Mnk kinases, such PSF (65) and hnRNPA1 (59), are also
involved and have roles in the generation of IFN responses.
Independent of the precise downstream elements involved in
the generation of signals for IFN-inducible, Mnk-mediated
responses, the results of this work have direct translational
implications as they suggest that Mnk pathways are positive
effectors for IFN antineoplastic responses inMPNs. As there is
substantial interest in targetingMnk as a novel approach in the
treatment of different tumors, our findings suggest that com-
bining Mnk inhibitors with IFN� for the treatment of MPNs
should probably be avoided, as these combinations may impair
induction of IFN responses.
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