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Abbreviations:  
AML, acute myeloid leukemia;  
Ara-C, cytarabine; 
As2O3, arsenic trioxide; 
CFU-L, leukemic colony forming unit; 
eIF4E, eukaryotic initiation factor 4E; 
Erk; extracellular signal-regulated kinase 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
hnRNPA1, heterogeneous nuclear ribonucleoprotein A1; 
JNK , c-Jun NH2-terminal kinase;  
mTOR, mammalian target of rapamycin; 
MAPK, mitogen-activated protein kinase;  
MEF, mouse embryonic fibroblasts; 
Mkk3/6, mitogen-activated protein kinase kinase 3/6; 
MSK1, mitogen- and stress-activated kinase 1;  
Mnk1/2, MAPK-interacting kinases 1 and 2; 
p54nrb, nuclear RNA-binding protein, 54 kDa;  
p70 S6K, p70 S6 kinase  
PSF, polypyrimidine tract-binding protein-associated splicing factor; 
rpS6, S6 ribosomal protein 
ROS, reactive oxygen species;  
Ser, serine; 
siRNA, small interfering RNA; 
Thr, threonine 
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Abstract 

Mnk kinases are downstream effectors of MAPK pathways and mediate phosphorylation 

of the eukaryotic initiation factor eIF4E, a protein that plays a key role in the regulation 

of mRNA translation and is up-regulated in AML.  We determined the effects of 

chemotherapy (cytarabine) on the activation status of Mnk in AML cells and its role in 

the generation of antileukemic responses.  A variety of experimental approaches were 

used, including immunoblotting, apoptosis assays, siRNA-mediated knockdown of 

proteins and clonogenic hematopoietic progenitor assays in methylcellulose.  Cytarabine 

induced phosphorylation/activation of Mnk and Mnk-mediated phosphorylation of eIF4E 

on Ser209, as evidenced by studies involving pharmacological inhibition of Mnk or 

experiments using cells with targeted disruption of Mnk1 and Mnk2 genes.  To assess the 

functional relevance of cytarabine-inducible engagement of Mnk/eIF4E pathway, the 

effects of pharmacological inhibition of Mnk on cytarabine-mediated suppression of 

primitive leukemic progenitors (CFU-L) were examined.  Concomitant treatment of cells 

with a pharmacological inhibitor of Mnk or siRNA-mediated knockdown of Mnk1/2 

strongly enhanced the suppressive effects of low cytarabine concentrations on CFU-L.  

Interestingly, the mTOR inhibitor rapamycin also induced phosphorylation of eIF4E in a 

Mnk-dependent manner, while Mnk inhibition strongly enhanced its antileukemic effects.  

These data demonstrate that Mnk kinases are activated in a negative-feedback regulatory 

manner in response to chemotherapy and impair generation of antileukemic responses.  

They also identify this pathway as a novel target for the design of new approaches to 

enhance the antileukemic effects of chemotherapy or mTOR inhibitors in AML. 
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Introduction 

        There is significant interest in developing means to increase the effectiveness of 

chemotherapeutic agents used for the treatment of acute myeloid leukemia (AML).  

Although chemotherapy results in significant remission rates, there are profound 

associated toxicities and, even after obtaining complete remission, most patient relapse 

and die (Büchner et al., 2006; Farag et al., 2005).  AML results from mutations of 

different groups of genes that control differentiation, proliferation/survival and 

differentiation/apoptosis (Gilliland and Tallman; 2002).  Various mutations lead to 

aberrant activation of cell survival pathways including the mammalian target of 

rapamycin (mTOR) and mitogen-activated protein kinase (MAPK) pathways (Bhaskar 

and Hay, 2007; Martelli et al., 2009; Altman and Platanias, 2008; Platanias, 2003).  As 

the disease continues to have a very poor prognosis, novel therapeutic approaches are 

desperately needed to increase the effectiveness of current treatment strategies that 

traditionally include various chemotherapeutic regimens (Büchner et al., 2006; Farag et 

al., 2005).     

            MAPK pathways play important roles in the regulation of key cellular functions, 

including control of gene transcription, cell proliferation, and survival.  There are three 

major families of MAP kinases: p38 MAP kinase, the extracellular signal-regulated 

kinase (Erk), and the c-Jun NH2-terminal kinase (JNK) (Platanias, 2005; Raman et al., 

2007). Among other things, MAP kinases play an important functional role in the 

regulation of normal and malignant hematopoiesis by growth factors and cytokines 

(Platanias, 2003).   Mnk1 and the related Mnk2 kinases are known downstream effectors 

of p38 and ERK, and once activated, they phosphorylate the cap binding eukaryotic 
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initiation factor 4E (eIF4E) in response to mitogens and stress signals (Fukunaga and 

Hunter, 1997; Waskiewicz et al., 1997; Scheper et al., 2001; Waskiewicz et al., 1999).   

As Mnks regulate phosphorylation of eIF4E, a key element of the cap-binding complex, 

their function complements the mTOR pathway in promoting cap-dependent mRNA 

translation and malignant cell growth.   Although extensive work has been focused in 

targeting mTOR (Bhaskar and Hay, 2007), there have been no substantial clinical-

translational efforts to target Mnk kinases for the treatment of malignancies.  In previous 

work we had demonstrated that Mnk kinases negatively regulate the generation of arsenic 

trioxide (As2O3)-induced apoptosis and that antileukemic effects in response to As2O3 can 

be enhanced by pharmacological inhibition of Mnk (Dolniak et al., 2008).   Although 

As2O3 is a unique antileukemic agent and induces responses to a large extent via 

generation of reactive oxygen species (ROS) (Platanias, 2009), these findings have raised 

the possibility that negative feedback regulatory mechanisms involving Mnk kinases may 

account for development of leukemic cell resistance in response to chemotherapeutic 

drugs and other antileukemic agents. 

             Cytarabine (Ara-C) is among the most effective chemotherapeutic drugs for the 

treatment of AML and has been the key agent used in the treatment of AML for many 

years (Herzig et al., 1985).  It is a pyrimidine analog that acts as an anti-metabolite and its 

major use in oncology is in the treatment of AML both at diagnosis and relapse (van 

Prooijen et al., 1997).  In the present study, we determined the effects of cytarabine on 

the activation of the Mnk/eIF4E pathway.  Our data demonstrate that Mnk is 

phosphorylated/activated by low-doses of cytarabine and that such phosphorylation leads 

to downstream activation of eIF4E.  Pharmacological or molecular targeting of Mnk in 
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leukemic cell lines or primitive leukemic progenitors from patients with AML results in 

potent enhancement of chemotherapy-induced suppression.  We also provide evidence 

that simultaneous targeting the mTOR and Mnk/eIF4E pathways leads to more potent 

antileukemic responses than selective targeting of each pathway alone, providing a 

rational for the future development of clinical-translational efforts  involving 

combinations of mTOR and Mnk inhibitors for the treatment of AML.   
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Materials and Methods 

Cells and Reagents – The U937 and K562 human leukemia cell lines were grown in 

RPMI 1640 medium supplemented with 10% fetal bovine serum and gentamicin.  

Cytarabine was purchased from Sigma (St. Louis, MO).   Antibodies against the 

phosphorylated or non-phosphorylated forms of Mnk, eIF4E, Akt, rpS6 and p70S6K 

were obtained from Cell Signaling Technology, Inc (Danvers, MA).  The antibody 

against GAPDH was purchased from Millipore (Billerica, MA).   The mTOR inhibitor, 

rapamycin, and the Mnk inhibitor, CGP57380, were purchased from Calbiochem/EMD 

(Gibbstown, NJ).  Immortalized mouse embryonic fibroblasts (MEFs) from Mnk1-/-

Mnk2-/- mice were cultured in Dulbecco’s modified Eagle’s medium containing 10% 

fetal calf serum and antibiotics (Dolniak et al., 2008; Ueda et al., 2004).  siRNAs against 

Mnk 1 and 2 and control siRNA were obtained from Dharmacon (Lafayette, Colorado). 

 

Cell lysis and Immunoblotting – For the immunoblotting experiments, cells were treated 

with cytarabine (200 ng/ml) for the indicated times and lysed in phosphorylation lysis 

buffer (Lekmine et al., 2003).  In some experiments the cells were pre-incubated with the 

Mnk inhibitor CGP57380 (10 μM) or rapamycin (20 nM), as indicated prior to treatment 

with cytarabine.  Immunoblotting using an enhanced chemiluminescence (ECL) method 

was performed as  in previous studies (Lekmine et al., 2003). 

 

Evaluation of Apoptosis - Cells were exposed to cytarabine (50 ng/ml) for 24 hours, as 

indicated.  Flow cytometric assays to assess apoptosis by annexin and propidium iodide 

staining were performed as previously described (Kannan-Thulasiraman et al., 2006). 
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Hematopoietic Progenitor Cell Assays - Peripheral blood was obtained from patients 

with acute myeloid leukemia (AML) after obtaining consent approved by the Institutional 

Review Board of Northwestern University and used in clonogenic assays in 

methylcellulose (Kannan-Thulasiraman et al., 2006; Giafis et al., 2006).   Primary 

peripheral blood-derived leukemic colonies were scored at approximately 14 days (range 

11 to 18).   Briefly, cells were separated over Ficoll-Hypaque and cultured with the 

indicated concentrations of cytarabine.   In the experiments in which the effects of  Mnk 

inhibition were determined, the cells were incubated in the presence  or absence of  very 

low concentrations of cytarabine with or without the indicated concentrations of 

rapamycin (10 nM) or the Mnk inhibitor, CGP57380 (10 μM).  
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                                             Results 

           In initial studies we sought to determine whether treatment of acute leukemia cells 

with cytarabine results in activation of Mnk.  U937 cells (Fig. 1A) were treated with 

cytarabine and cell lysates were resolved by SDS-PAGE and immunoblotted with an 

antibody against the phosphorylated form of Mnk 1 on Thr197 and Thr202 

(corresponding to Thr209 and Thr214 of human Mnk1, respectively).  Treatment with 

cytarabine resulted in strong Mnk phosphorylation on Thr197/202 (Fig. 1A), a site that 

correlates with induction of Mnk kinase activity.  In addition, in experiments to 

determine whether the downstream effector of Mnk, eukaryotic initiation factor eIF4E, is 

phosphorylated during treatment of cells with cytarabine, we found strong 

phosphorylation of the protein on serine 209 (Fig. 1B).   To determine whether such 

eIF4E phosphorylation is Mnk-dependent, the effects of the Mnk inhibitor, CGP57380, 

were assessed.  As shown in Fig. 1B treatment of cells with CGP57380 blocked the 

induction of cytarabine-dependent phosphorylation of eIF4E, establishing that this event 

is Mnk-dependent.   Similarly, AraC-dependent phopshorylation of Mnk and eIF4E were 

seen when the K562 leukemia cell line was studied (Fig. 1C and D).   

          We then sought to determine the functional relevance of phosphorylation/activation 

of Mnk and downstream engagement of eIF4E.  Experiments were performed in which 

U937 cells were treated with low concentrations of cytarabine, in the presence or absence 

of the Mnk inhibitor CGP57380, and CFU-L colony formation was assessed.   As shown 

in Fig. 1E and Fig 1F, addition of CGP57380 to the cultures significantly enhanced 

cytarabine-dependent suppression of CFU-L colony formation, suggesting that the 
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activation of the Mnk/eIF4E pathway in response to cytarabine occurs in a negative-

feedback regulatory manner to counteract the antileukemic effects of cytarabine.  As 

expected, CGP57380 did not inhibit phosphorylation of rpS6, Akt, or p70S6K, indicating 

that the enhancing effects of CGP57380 do not result by modulation of elements of the 

AKT/mTOR pathway (Fig 1G)   

            To further establish the functional relevance of the Mnk/eIF4E pathway in the  

generation of cytarabine-induced responses, experiments were carried out using cells 

with targeted disruption of both the Mnk1 and Mnk2 genes (Ueda et al., 2004).  

Mnk1/2+/+ or Mnk1/2-/- MEFs were treated with cytarabine and eIF4E phosphorylation 

on Ser209 was assessed.   As shown in Fig. 2A, cytarabine-induced phosphorylation of 

eIF4E on Ser209 was completely abrogated in the absence of Mnk1/Mnk2 (Fig. 2A).  

Importantly, cytarabine-induced apoptosis was greatly enhanced in such cells (Fig. 2B), 

strongly suggesting that negative-feedback activation of the Mnk/eIF4E pathway results 

in generation of anti-apoptotic, pro-survival, signals. 

 In other studies, we determined whether siRNA-mediated knockdown of Mnk1 

and Mnk2 enhances the antileukemic effects of low dose cytarabine on U937-derived 

CFU-L progenitors (Dolniak et al., 2008).  When U937 cells were transfected with 

siRNAs specifically targeting Mnk 1 and Mnk 2, there was suppression of Mnk protein 

expression (Fig 3A) compared to cells transfected with control siRNA.    Knockdown of 

Mnk1/2 did not affect significantly baseline leukemic CFU-L colony formation (Fig. 3B).   

However, such knockdown strongly enhanced the inhibition of CFU-L formation in 

response to cytarabine (Fig. 3B). 
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          Altogether, our studies with cell lines provided strong evidence that activation of 

the Mnk/eIF4E pathway abrogates chemotherapy-induced apoptosis and generation of 

antileukemic responses.  To determine the functional relevance of this pathway in a more 

physiologically relevant system, experiments were performed using primary leukemic 

samples from AML patients.  Increasing concentrations of cytarabine resulted in a dose-

dependent suppression of primitive CFU-L progenitors from AML patients (Fig 4A).  

Very low doses of cytarabine (0.08 ng/mL), or CGP57380 alone each had minimal 

effects on leukemic progenitor colony formation (Fig. 4B).  However, the combination of 

cytarabine with CGP57380 resulted in potent antileukemic effects, far greater than each 

agent alone, paired p value = 0.0025 for cytarabine plus CGP57380 versus cytarabine 

alone, and paired p value = 0.033  for cytarabine plus CGP57380 versus CGP57380 alone 

(Fig. 4B). 

            In previous studies we had demonstrated that targeting of the mTOR pathway 

enhances the suppressive effects of arsenic trioxide on primary leukemic progenitors 

from AML patients (Altman et al., 2008).  As both the mTOR and Mnk/eIF4E pathways 

converge at the level of eIF4E, we sought to determine whether combined targeting of 

mTOR and Mnk results in enhanced antileukemic effects.   In experiments in which the 

effects of rapamycin on eIF4E phosphorylation on Ser209 were assessed in leukemia 

cells, we found rapamycin-dependent eIF4E phosphorylation on Ser209 (Fig. 5A), 

suggesting that Mnk kinases are activated in a negative-feedback manner during targeted 

inhibition of the mTOR pathway.   On the other hand, and as expected, treatment of cells 

with rapamycin inhibited phosphorylation of the p70 S6K (Fig. 5B).  When the effects of 

dual mTOR and Mnk pharmacological inhibition on CFU-L colony formation derived 
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from either U937 cells (Fig. 5C) or primary peripheral blood samples from AML patients 

(Fig. 5D) were examined, there was much more potent suppression of leukemic 

hematopoiesis than the ones seen in response to each agent alone.  Thus, inhibition of the 

mTOR pathway results in feedback-activation of Mnk/eIF4E and simultaneous targeted 

inhibition of Mnk/eIF4E may provide an approach to enhance rapamycin-generated 

antileukemic responses in vitro and possibly in vivo. 
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Discussion 

 Although the mechanisms by which various chemotherapeutic agents induce 

cytotoxic effects and apoptosis of malignant cells have been extensively studied, very 

little is known on negative feedback signaling pathways that are activated as “defense” 

mechanisms by malignant cells in response to cytotoxic agents.   In previous work we 

had established that the p38 MAPK and its upstream effectors, Mkk3 and Mkk6, are 

activated in a negative feedback regulatory manner during treatment of leukemia cells 

with arsenic trioxide (Giafis et al., 2006; Verma et al., 2002).  Such engagement of the 

p38 MAPK pathway appears to exhibit negative effects on arsenic-inducible apoptosis 

and generation of antileukemic responses (Giafis et al., 2006; Verma et al., 2002).   

Similarly, others have shown that the p38 MAPK counteracts induction of pro-apoptotic 

responses in multiple myeloma cells (Wen et al., 2008).  Such findings have raised the 

potential of concomitant targeting of p38 MAPK as means to enhance the antileukemic 

effects of arsenic trioxide and other arsenicals in vitro and, possibly, in vivo (Platanias, 

2003).  Notably, Mnk kinases act as key effectors downstream of the arsenic-induced 

p38MAPK pathway in the generation of such negative responses (Dolniak et al., 2008), 

while another p38 effector kinase that plays an important role in the control of arsenic-

responses is the mitogen-activated stress kinase 1 (Msk1) (Kannan-Thulasiraman et al., 

2006). 

 It is well established by previous extensive work that Mnk1 and Mnk2 are 

activated downstream of p38 MAPK and/or ERK pathways in different systems 

(Fukunaga and Hunter, 1997; Waskiewicz et al., 1997) and are the key serine kinases that 

regulate serine phosphorylation of eIF4E on serine 209 (Ueda et al., 2004).  There is 
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evidence that such eIF4E engagement plays a positive role in the induction of mRNA 

translation and protein expression in other systems (Bonneau and Sonenberg, 1987; Takei 

et al., 2001; Pyronnet et al., 2001), suggesting a potentially important role for Mnk 

kinases in the regulation of key cellular functions.   However, there is also evidence that 

in certain systems Mnk1 and Mnk2 may play negative roles in protein translation and 

synthesis (Shenberger et al., 2007; Knauf et al., 2001), underscoring the complexity of 

the system and the difficulties in establishing the precise functional roles of these kinases 

in controlling cellular functions.  Beyond targeting eIF4E, Mnks phosphorylate 

hnRNPA1 (Buxadé et al., 2005), a nuclear protein known to be involved in the control of 

alternating splicing (Guil et al., 2006; Mayeda and Krainer, 1992); and PSF (Buxadé et 

al., 2008), an RNA-binding protein that forms a complex with p54nrb, to regulate nuclear 

RNA processing, as well as nuclear retention and stability of edited RNA (Shav-Tal and 

Zipori, 2002).  Thus, diverse signals are activated downstream of Mnks to regulate RNA 

translation, processing, and stability. 

 In the present study, we provide evidence that Mnk kinases are paradoxically 

activated during treatment of cells with cytarabine chemotherapy.   Our data demonstrate 

that treatment of acute leukemia cell lines with cytarabine results in 

phosphorylation/activation of Mnk1 and downstream engagement of the initiation factor 

eIF4E.  Importantly, pharmacological or molecular targeting of Mnk1/2 results in 

enhanced induction of apoptosis and cytarabine-induced suppression on primitive 

leukemic progenitors.  These data suggest that engagement of Mnk kinases regulates 

mRNA translation of anti-apoptotic and pro-growth genes in AML cells and raise the 

potential for the design and development of novel therapeutic approaches in the future, 
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involving combinations of chemotherapeutic agents with drugs that block the Mnk 

pathway or its effectors.  The precise mechanism by which treatment of AML cells with 

chemotherapy results in Mnk activation also remains to be established in future studies.   

It is likely that such engagement of Mnk occurs downstream of activation MAP kinases, 

as extensive previous work has shown that the Mnk pathway is activated downstream of 

the p38 MAPK and/or ERK in other systems (Fukunaga and Hunter, 1997; Waskiewicz 

et al., 1997).   It is also possible that generation of reactive oxygen species (ROS) is 

involved in the process, but this remains to be directly examined in future studies.   

            There is extensive previous evidence that eIF4E has oncogenic activity (Wendel 

et al., 2004), while there is an absolute requirement for Mnk-mediated Ser209 

phosphorylation for eIF4E’s oncogenic action (Wendel et al., 2007).   Moreover, there is 

evidence for eIF4E over-expression in various tumors, including leukemias (Topisirovic 

et al., 2003), and this has led to efforts to target eIF4E for the treatment of AML using 

either antisense oligonucleotides against eIF4E (Tamburini et al., 2009) or the antiviral 

drug ribavirin (Assouline et al., 2009).  It is of particular interest that a recent study 

demonstrated that ribavirin, a physical mimic of the m7G cap, induced one complete 

response and 2 partial responses, among 11 patients with M4/M5 AML who had 

refractory or relapsed disease (Assouline et al., 2009).   As Mnk inhibition provides an 

additional distinct approach to block eIF4E activity, these findings, taken together with 

our data, suggest that combinations of Mnk inhibitors with ribavirin and chemotherapy 

may result in more pronounced antileukemic activities than each agent alone.   

          Our studies also provide evidence that mTOR inhibition results in negative  
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feedback up-regulation of Mnk activity and eIF4E phosphorylation and demonstrate that 

combined inhibition of mTOR- and Mnk-pathways results in more pronounced effects 

than targeting each pathway alone.    As there is a major interest toward targeting mTOR 

for the treatment of AML and other hematologic malignancies (Martelli et al., 2009; 

Altman and Platanias, 2008; Récher et al., 2005), these findings also raise the prospect of 

future clinical translational efforts involving combinations of Mnk and mTOR inhibitors 

for the treatment of AML and this should be directly examined in future studies.  
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                                                        Figure Legends 

Figure 1  Cytarabine-dependent phosphorylation/activation of Mnk and its downstream 

effector, eIF4E.  A. U937 acute myeloid leukemia cells were incubated with cytarabine 

(ara-c) for 10 minutes.  Cell lysates were resolved by SDS-PAGE and immunoblotted 

with an antibody against the phosphorylated form of Mnk on threonine 197/202 or with 

an anti-GAPDH antibody as indicated.  .  B. U937 cells were incubated in the absence or 

presence of CGP57380, with or without cytarabine for the indicated times.  Cell lysates 

were resolved by SDS-PAGE and immunoblotted with antibodies against the 

phosphorylated form of eIF4E on serine 209, or against eIF4E or against GAPDH, as 

indicated (left panel).  The signals for phosphorylated eIF4E and total eIF4E were 

quantitated by densitometry, and the intensity of eIF4E phosphorylation relative to the 

levels of total eIF4E expression was calculated (right panel).  C. K562 cells were 

incubated with cytarabine for 10 minutes.  Cell lysates were resolved by SDS-PAGE and 

immunoblotted with an antibody against the phosphorylated form of Mnk on threonine 

197/202 or with an anti-Mnk antibody as indicated.  D. K562 were incubated with 

cytarabine for the indicated times.  Cell lysates were resolved by SDS-PAGE and 

immunoblotted with an antibody against the phosphorylated form of eIF4E on serine 209 

or with an antibody against total eIF4E (left panel).  The signals for the different bands 

shown in blot D were quantitated by densitometry and the intensity of eIF4E 

phosphorylation relative to the levels of eIF4E expression was calculated (right panel).  

E. U937 cells were plated in methylcellulose culture assay system with cytarabine (0.08 

ng/mL) and/or CGP57380, as indicated, and CFU-L leukemic colony formation was 

assessed.  Data are expressed as percent control of CFU-L for untreated cells.  Means +/- 
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S.E. of the values from 5 independent experiments are shown.  Paired t test analysis for 

the combinations of cytarabine plus CGP57380, as compared with cytarabine alone, 

showed a p value of 0.022 and as compared with CGP57380 alone, showed a p value of 

0.037.  F. U937 cells were plated in methylcellulose culture assay system with cytarabine 

(0.9 ng/mL) and/or CGP57380, as indicated and CFU-L leukemic colony formation was 

assessed.  Data are expressed as percent control of CFU-L colony formation for untreated 

cells.  Means +/- S.E. of the values from 4 independent experiments are shown.  Paired t 

test analysis for the combinations of cytarabine plus CGP57380, as compared with 

cytarabine alone, showed a p value of 0.038 and as compared with CGP57380 alone, 

showed a p value of 0.021.   G.  U937 cells were then incubated in the absence or 

presence of CGP57380 for 60 minutes.  Cell lysates were resolved by SDS-PAGE and 

immunoblotted with an antibody against the phosphorylated form of rpS6 on serine 

235/236 or against rpS6 (left panel), or with an antibody against the phosphorylated form 

of Akt on serine 473, or against Akt (middle panel), or with an antibody against the 

phosphorylated form of p70 S6K on threonine 421/serine 424 or against p70 S6K (right 

panel).   

 

Figure 2 Mnk1 and Mnk2 are required for cytarabine-induced phosphorylation of eIF4E 

and targeted disruption of the Mnk1/Mnk2 genes potentiates cytarabine-induced 

apoptosis.  A. Mnk1/2+/+ and Mnk1/2-/- mouse embryonic fibroblasts (MEFs) were 

incubated in the absence or presence of cytarabine for the indicated times.  Total cell 

lysates were resolved by SDS-PAGE and immunoblotted with an antibody against the 

phosphorylated form of eIF4E on serine 209 (upper left panel).  The same blot was then 
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stripped and re-probed for eIF4E and then GAPDH to assess for equivalent protein 

loading.  The signals for the different bands shown in blot A were quantitated by 

densitometry, and the intensity of eIF4E phosphorylation relative to the levels of eIF4E 

expression was calculated (right panel).  B. Mnk1/2+/+ and Mnk1/2-/- MEFs were 

incubated in the absence or presence of cytarabine for 24 hours. The total percentage of 

apoptotic cells was determined by flow cytometry, using propidium iodide/annexin V 

staining.  The data are expressed as the means +/-S.E. of seven experiments.   

 

Figure 3 Knockdown of Mnk1 and Mnk2 enhances the suppressive effects of low dose 

cytarabine on primitive leukemic progenitors.  A.  U937 cells were transfected with 

control siRNA or a mixture of siRNAs targeting Mnk1 and Mnk2, as indicated.  Equal 

amounts of total cell lysates were analyzed by SDS-PAGE and immunoblotted with 

antibody against Mnk (upper panel). The same blot was then re-probed with anti-

GAPDH antibody to control for protein loading (lower panel).  B. U937 cells were 

transfected with either control siRNA or a mixture of siRNAs specifically targeting Mnk1 

and Mnk2.  The cells were subsequently incubated in methylcellulose, in the presence or 

absence of cytarabine.  Means +/- S.E. of four independent experiments are shown.  

Paired t test analysis comparing the effects of cytarabine in the presence of Mnk1 and 

Mnk2 siRNA versus its effects in the presence of control siRNA showed a p value of 

0.0044.   

 

Figure 4  Pharmacological inhibition of Mnk enhances the suppressive effects of 

cytarabine on primitive leukemic progenitors (CFU-L) from patients with AML.   A. 
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Peripheral blood mononuclear cells from three patients with AML were plated in 

methylcellulose culture assay system with increasing concentrations of cytarabine (Ara-

C), as indicated.  Data are expressed as percent control of leukemic colonies for untreated 

cells and represent means +/- S.E. of 3 experiments.   B.  Peripheral blood mononuclear 

cells from patients with AML were plated in methylcellulose culture assay system with 

Ara-C and CGP57380, as indicated.  Data are expressed as percent control of CFU-L 

colony numbers for untreated cells.  Means +/- S.E. of the values from 5 experiments 

using different patient samples are shown.  Paired t test analysis of the combination of 

Ara-C plus CGP57380, as compared with Ara-C alone, showed p value = 0.0025 and as 

compared with CGP57380 alone, p value = 0.033.   

 

Figure 5 Combined inhibition of mTOR and Mnk activity results in enhanced 

antileukemic responses.  A.  U937 cells were treated for 60 minutes in the absence of 

presence of rapamycin, as indicated.  Subsequently, CGP57380 was added to the cultures 

as indicated, and cells were incubated for an additional 4 hours.  Cell lysates were 

resolved by SDS-PAGE and immunoblotted with antibodies against the phosphorylated 

form of eIF4E on serine 209 or against eIF4E or against GAPDH, as indicated.  The 

signals for the different bands were quantitated by densitometry (below), and the 

intensity of eIF4E phosphorylation relative to the levels of eIF4E expression was 

calculated.  B. U937 cells were treated for 60 minutes in the absence of presence of 

rapamycin, as indicated.  Subsequently, CGP57380 was added to the cultures as 

indicated, and cells were incubated for an additional 4 hours.  Cell lysates were resolved 

by SDS-PAGE and immunoblotted with antibodies against the phosphorylated form of 
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p70S6 kinase (p70S6K) on threonine 421/serine 424 or against p70S6K, as indicated.  

The signals for the different bands were quantitated by densitometry (below), and the 

intensity of p70S6K phosphorylation relative to the levels of p70S6K expression was 

calculated.   C.  U937 cells were plated in methylcellulose culture assay system with 

CGP57380 and/or rapamycin, as indicated.  Data are expressed as percent control of 

leukemic colonies for untreated cells.  Means +/- S.E. of the values from 5 independent 

experiments are shown. Paired t test analysis of the combinations of CGP57380 and 

rapamycin, as compared with CGP57380 alone, showed p value = 0.0015 and as 

compared with Rapa alone, showed p value 0.0014.  D.  Peripheral blood mononuclear 

cells from patients with AML were plated in a methylcellulose culture assay system with 

CGP57380 and/or rapamycin, as indicated.  Data are expressed as percent control of 

CFU-L for untreated cells.  Means +/- S.E. of the values from 6 experiments using 

different patient samples are shown.  Paired t test analysis of the combinations of 

CGP57380 and rapamycin, as compared with CGP57380 alone, showed p value = 0.002 

and as compared with rapamycin alone, showed p value of 0.018.   
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