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MNK1 inhibitor CGP57380 overcomes mTOR
inhibitor-induced activation of eIF4E: the mechanism
of synergic killing of human T-ALL cells
Xian-bo Huang1, Chun-mei Yang1,2, Qing-mei Han1, Xiu-jin Ye1, Wen Lei1,2,3 and Wen-bin Qian1,2,3

Although the treatment of adult T-cell acute lymphoblastic leukemia (T-ALL) has been significantly improved, the heterogeneous
genetic landscape of the disease often causes relapse. Aberrant activation of mammalian target of rapamycin (mTOR) pathway in
T-ALL is responsible for treatment failure and relapse, suggesting that mTOR inhibition may represents a new therapeutic strategy.
In this study, we investigated whether the mTOR complex 1 (mTORC1) inhibitor everolimus could be used as a therapeutic agent
against human T-ALL. We showed that rapamycin and its analog RAD001 (everolimus) exerted only mild inhibition on the viability
of Jurkat, CEM and Molt-4 cell lines (for everolimus the maximum inhibition was <40% at 100 nM), but greatly enhanced the
phosphorylation of eIF4E, a downstream substrate of MAPK-interacting kinase (MNK) that was involved in promoting cell survival.
Furthermore, we demonstrated in Jurkat cells that mTOR inhibitor-induced eIF4E phosphorylation was independent of insulin-like
growth factor-1/insulin-like growth factor-1 receptor axis, but was secondary to mTOR inhibition. Then we examined the
antileukemia effects of CGP57380, a MNK1 inhibitor, and we found that CGP57380 (4−16 μM) dose-dependently suppressed the
expression of both phosphor-MNK1 and phosphor-eIF4E, thereby inhibiting downstream targets such as c-Myc and survivin in T-
ALL cells. Importantly, CGP57380 produced a synergistic growth inhibitory effect with everolimus in T-ALL cells, and treatment with
this targeted therapy overcame everolimus-induced eIF4E phosphorylation. In conclusion, our results suggest that dual-targeting of
mTOR and MNK1/eIF4E signaling pathways may represent a novel therapeutic strategy for the treatment of human T-ALL.
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INTRODUCTION
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive
and heterogeneous blood malignancy disease derived from T-
cell progenitor cells in the thymus [1]. T-ALL accounts for
approximately 10%–15% of pediatric and 25% of adult ALL cases
[2]. With the current intensive chemotherapy regimens, the
5-year event-free survival (EFS) of children with T-ALL has
reached 70%–75%, whereas the EFS is ~50% for adolescents
and young adults, and 10% for those older than 60 years of
age [3–5]. Nevertheless, novel therapies aimed at improperly
activated signaling pathways, which are involved in cancer cell
survival and drug resistance, are still needed to improve the
patient outcome in T-ALL.
Among the deregulated signaling pathways that have been

identified in T-ALL, the phosphatidylinositol 3-kinase (PI3K)/Akt/
mammalian target of rapamycin (mTOR) pathway has been
reported to be active in most patients [6–8]. mTOR is the catalytic
subunit of two distinct multi-protein complexes known as
mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2),
both of which have been implicated in T-ALL pathophysiology

[6, 9]. Recently, it was demonstrated that the inhibition of mTORC1
activity induces developmental blockade in early T lymphopoiesis
and eradicates T-ALL cells [10]. Rapamycin, an allosteric mTORC1
inhibitor, was tested in vitro in pre-clinical models of T-ALL, where
it induced apoptosis and/or cell cycle arrest and synergized with
chemotherapeutic agents [11–14]. Rapamycin derivatives (rapa-
logs), such as CCI-779 (temsirolimus) and RAD001 (everolimus),
display improved bioavailability compared with rapamycin [15].
On the basis of in vitro studies confirming its antileukemia
properties, everolimus has been evaluated recently in a phase II
clinical trial in patients with relapsed T-cell lymphoma (TCL).
This trial demonstrated a 44% overall response rate [16].
Additionally, everolimus has entered phase I/II trials for T-ALL,
either alone (ClinicalTrials.gov: NCT00081874) or in combination
with conventional chemotherapy (NCT00968253; NCT01523977;
NCT01403415). However, in a phase I/II trial of everolimus in
combination with HyperCVAD chemotherapy, 29% of patients
with relapsed/refractory ALL, including T-ALL, had complete
remission, indicating that the therapy was moderately
effective [17].
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A family of kinases that are key effectors for MAPK pathways
includes the MNK1 and MNK2 kinases, which regulate the
phosphorylation of eukaryotic initiation factor 4E (eIF4E) [18].
MNK/eIF4E plays a significant regulatory role in mRNA translation
and malignant transformation. The phosphorylation of eIF4E by
MNK at Ser209 is implicated in tumorigenesis, such as lympho-
magenesis [19]. Lymphomas expressing eIF4E are highly resistant
to chemotherapy. Importantly, MNK activity does not appear to
be essential for normal cell growth [20]. Therefore, targeting this
pathway may provide a new therapeutic strategy for lymphoma
and leukemia [21–23].
Acquired and inherent drug resistance is a potential concern

associated with anticancer small-molecule inhibitors. For example,
mTOR inhibitors could hyperactivate Akt because of the existence
of feedback loops among mTOR, PI3K, and Akt [24–27], impeding
their progression in cancer treatment for use as single agents.
Therefore, in this study, we investigated the mTORC1 inhibitor
everolimus as a therapeutic agent against T-ALL. We found that
everolimus has a limited effect on the proliferation of T-ALL cell
lines that is related to the phosphorylation of eIF4E, a downstream
molecule of MNK that is involved in promoting cell survival [28].
Thus, we next investigated the anti-leukemia effects of everolimus
combined with the MNK1 inhibitor CGP57380. Our results
demonstrated that eIF4E inhibition might play a functional role
in the increased cell death observed in combination therapy and
that CGP57380 might antagonize the resistance to mTORC1
inhibitors.

MATERIALS AND METHODS
Reagents
Rapamycin and everolimus, pan-caspase inhibitor z-VAD-fmk and
IGF-1R inhibitor PQ401 were purchased from Selleck Chemicals
(Houston, TX, USA). LY294002 was purchased from LKT Labora-
tories, Inc. (St. Paul, MN, USA). The MNK1 inhibitor 4-amino-5-(4-
fluoroanilino)-pyrazolo [3, 4-d] pyrimidine (CGP57380) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). IGF-1 was
purchased from Peprotech (Rocky Hill, NJ, USA). The agents
were dissolved in dimethyl sulfoxide (DMSO), and aliquots were
stored at 4℃ or -20℃ according to the manufacturer’s
instructions. Stock solutions of these agents were subsequently
diluted with serum-free RPMI-1640 medium immediately before
use. In all experiments, the final concentration of DMSO did not
exceed 0.1%. Rabbit monoclonal antibodies against mTOR,
phosphor-mTORC1 (p-mTORC1) (Ser2448), PI3K-p110α,
phosphor-Akt (p-Akt) (Ser473), p70S6K, phosphor-p70S6K (p-
p70S6K) (Thr389), phosphor-MNK1 (p-MNK1) (Thr197/202), 4EBP-
1, phosphor-4EBP-1 (p-4EBP1) (Ser65), eIF4E, Caspase 3, PARP,
Bcl-2, Mcl-1, survivin, c-Myc, CDK2 and β-actin were purchased
from Cell Signaling Technology Inc. (Beverly, MA, USA). Mouse
monoclonal antibodies against caspase 8 and caspase 9 were
also purchased from Cell Signaling Technology. Rabbit mono-
clonal antibodies against MNK1 and phosphor-eIF4E (p-eIF4E)
(Ser209) were acquired from Abcam (Cambridge, MA, USA).
Rabbit polyclonal antibody against Lamin B1 was purchased from
Peprotech.

Cell lines and cell culture
The human T-ALL cell lines Jurkat, CEM and Molt-4 were obtained
from the Shanghai Cell Collection (Shanghai, China). Cell lines
were cultured in RPMI-1640 (Corning Cellgro, Manassas, VA, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(Gibco, Grand Island, NY, USA) at 37℃ in an incubator with
5% CO2.

MTT colorimetric survival assay
Cell viability was determined using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma, St. Louis, MO,

USA). Briefly, the cells were seeded in 96-well plates at a density of
1 × 105 cells/mL and were treated with different concentrations of
CGP57380 and everolimus alone or together for 24 h and 48 h,
respectively. On termination, the medium was replaced with fresh
medium containing 0.5 mg/mL of MTT. The cells were incubated
for an additional 4 h at 37℃. Following removal of the medium
and MTT, DMSO (200 μL) was added to each well, and the
absorbance of the reaction was measured at 570 nm by spectro-
photometry. The drug concentrations required to inhibit 50%
of cell growth (IC50) was calculated using nonlinear regression
analysis.

Detection of apoptosis
Cells were cultured at a density of 1 × 105/mL in a 6-well plate and
were treated with each drug for 24 h. Cell pellets were collected
and fixed with 70% ethanol on ice for 20 min, followed by
centrifugation. Apoptotic cells were quantified by propidium
iodide (PI) and Annexin V-FITC double staining using a detection
kit (BD Pharmingen, San Diego, CA, USA) according to the
manufacturer’s instructions. Samples were analyzed by flow
cytometry (Accuri C6; BD, Franklin Lakes, NJ, USA).

Western blot analysis
The cells treated using various concentrations of drugs that were
lysed at 4℃ in lysis buffer. The protein concentration was
determined using the bicinchoninic acid (BCA) method. Equal
amounts of total cell lysates were separated on sodium dodecyl-
sulfate (SDS)-polyacrylamide gels containing 8%-12% acrylamide
gradients and then were transferred to polyvinylidene difluoride
membranes (Millipore, Bedford, MA, USA). The membranes were
blocked for 2 h in Tris-buffered saline containing 0.1% Tween and
5% nonfat dry milk and then were incubated with primary
antibodies overnight at 4℃. After incubation with horseradish
peroxidase-conjugated secondary antibodies (1:5000; Multi-
Sciences Biotech), the results were visualized using the ECL
detection kit (Biological Industries, Beit Ahemeq, Israel). All
primary antibodies have been described previously.

Nuclear and cytoplasmic extraction
The cytoplasmic and nuclear proteins were extracted using NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher
Scientific, Rockford, IL, USA) according to the manufacturer’s
instructions. Everolimus-treated cells were pelleted by centrifuga-
tion and rinsed with PBS and then were resuspended in ice-cold
Cytoplasmic Extraction Reagent I, followed by vortexing the tube
for 15 s. After incubation on ice for 10min, Cytoplasmic Extraction
Reagent II was added to the tube, which was then vortexed,
incubated and centrifuged at maximum speed (~16,000 × g) for
5 min. The supernatant was transferred to a fresh tube and was
referred to as the cytoplasmic extract. The insoluble fraction,
containing nuclei, was suspended in ice-cold nuclear extraction
reagent, placed on ice and vortexed continuously at the highest
setting for 15 s every 10 min, for a total of 40 min. After
centrifugation at maximum speed (~16 000 × g) for 10min, the
supernatant was transferred to a new tube and was referred to as
the nuclear fraction.

Immunofluorescence assays
Cells after drug treatment were fixed with freshly prepared 4%
paraformaldehyde in PBS for 30min at room temperature in the
centrifuge tube. Next, the cells were washed with PBS 3 times,
permeabilized with 0.3% Triton X-100 in PBS (pH 7.2) for 10 min
and blocked with PBS containing 10% goat serum for 30 min at
room temperature. The cells were then stained with rabbit
monoclonal antibody against phosphor-eIF4E (Ser209) (1:200,
Abcam) in PBS containing 1% BSA overnight at 4℃. A
DyLight®488 goat anti-rabbit polyclonal antibody (Abcam) at
1/500 dilution was used as the secondary antibody for 1 h at 37 °C.
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After washing 3 times with PBS (pH 7.2), the nuclei were
counterstained with 1 μM of DAPI (4Z, 6Z-diamidino-2-phenylin-
dole; Sigma-Aldrich) for 10min. The fluorescence was observed
under a Nikon-Si Confocal Laser Scanning Microscope.

mTOR and MNK1 knockdown by short hairpin RNA
Three recombinant lentivirus vectors containing shRNA against
mTOR or MNK1, and a negative control scrambled shRNA were
purchased from Hanheng Biotech (Shanghai, China). Jurkat cells
(1 × 104 cells/well) were seeded in a 6-well plate and were
transfected with lentivirus at a multiplicity of infection (MOI) of
100. After centrifugation at 1000 × g for 1 h, the cells were
cultured at 37℃. Next, the cells were selected in medium
containing 2 μg/mL of puromycin (Gibco). The cellular viability and
protein expression of mTOR- or MNK1-knockdown Jurkat cells
were measured by the MTT assay and Western blotting. The
sequence of shRNA targeting mTOR was 5′-CCCGGATCATTCACCCT
ATTG-3′, and the sequence of MNK1-shRNA was 5′-GGGATGA
AACTGAACAACTCCTGTA-3′.

Statistical analysis
The data were analyzed by ANOVA and Student’s t test. P < 0.05
was considered to indicate a statistically significant result.
The synergy of everolimus with CGP57380 was analyzed using
CalcuSyn software (Biosoft, Cambridge, UK). The data were
expressed as log10 (CI) vs the fraction affected. Using this
method, log10 (CI) < 0 indicates a synergistic effect.

RESULTS
Reactivation of eIF4E and limited effects of everolimus against
T-ALL cells
Everolimus, like rapamycin, is an mTORC1 inhibitor [12, 16]. To
investigate whether the same inhibitory effects also exist in
human T-ALL cells, Jurkat, CEM, and Molt-4 cells were treated with
increasing concentrations of everolimus and rapamycin, respec-
tively, for 24 h. Cell lysates were assessed by immunoblotting for
the activities of mTORC1 and its downstream molecules. Ever-
olimus significantly inhibited mTORC1, as indicated by the
decrease in the phosphorylation of downstream effectors. The
phosphorylation levels of Ser2448 on mTOR and Thr389 on
p70S6K were inhibited in all the tested cell lines. However,
everolimus induced increased eIF4E phosphorylation (Fig. 1a).
Similar results were seen when rapamycin was used in this
experiment (Fig. 1b). eIF4E in the cytoplasm is critical to initiate
the translation of most mRNAs, while eIF4E in the nucleus may
enhance export to the cytoplasm of certain mRNAs [12, 16]. By
confocal microscopy and Western blot analyses, we evaluated the
levels of phosphorylation of eIF4E in Jurkat cells. Everolimus
increased the level of phosphor-eIF4E on Ser209 both in the
cytosolic fraction and nuclear fraction (Fig. 1c, d). Finally,
we examined cell survival upon treatment with everolimus by
the MTT assay. Although everolimus treatment inhibited the
growth of each cell line in a dose-dependent manner, its
antileukemia activity leveled off at 100 nM with a maximum
inhibition of <40% of cell viability (Fig. 1e).

Fig. 1 Reactivation of eIF4E and limited effects of everolimus on T-ALL cell lines. Jurkat, CEM and Molt-4 cells were treated with different
concentrations of everolimus a or rapamycin b for 24 h, and Western blotting analysis was performed for the expression of several proteins,
including the phosphorylated and total levels of mTOR, 70S6K, 4EBP-1, and eIF4E. c Cytoplasmic or nuclear protein extracts derived from
Jurkat cells treated with everolimus at the indicated doses for 24 h were separated by SDS-polyacrylamide gel electrophoresis. Samples were
immunoblotted with the indicated antibodies. d Jurkat cells were treated with everolimus (40 nM) for 24 h and then were stained with anti-
phosphor-eIF4E, followed by incubation with secondary antibody conjugated with DyLight®488 (Green). The nuclei were stained with DAPI
(Blue). Signals were detected by confocal microscopy. The merged panels show overlapping images of the two fluorescing signals. e The three
T-ALL cell lines were incubated with various concentrations of everolimus (1-100 nM) for 24 h, and the MTT assay was used to assess cell
viability. All the data are representative of 3 determinations with identical results
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Everolimus increases eIF4E phosphorylation independently of
growth factor stimulation and the IGF-1/IGF-1R axis
To determine whether everolimus-induced eIF4E phosphorylation
was dependent on growth factor stimulation, we examined the
effect of everolimus on the level of phosphor-eIF4E in the absence
of serum. For this purpose, Jurkat cells were cultured in serum-free
medium for 24 h, followed by everolimus treatment. As shown in
Fig. 2a, everolimus treatment resulted in rapidly and persistently

increased expression of phosphor-eIF4E in the cells cultured with
or without serum. It was reported that insulin-like growth factor-1
receptor (IGF-1R) supports cell growth/survival and contributes to
aggressive biological behavior in a subset of human T-ALL [29, 30].
Thus, we investigated the potential molecular mechanism of the
upregulation of phosphor-eIF4E by examining the effect of insulin-
like growth factor-1 (IGF-1) and IGF-1R inhibitor on everolimus-
induced eIF4E phosphorylation. Neither IGF-1 nor the IGF-1R
inhibitor PQ401 altered the modulation of eIF4E phosphorylation
by everolimus (Fig. 2b, c). Finally, we also analyzed the effects of
everolimus combined with LY294002, a PI3K inhibitor, on eIF4E
phosphorylation. As shown in Fig. 2d, in Jurkat cells, LY294002 was
effective in downregulating PI3K p110α and dephosphorylating
eIF4E in a dose-dependent manner. A high concentration of
LY294002 (40 μM) was found to reverse everolimus-induced eIF4E
phosphorylation (Fig. 2d).

Inhibition of mTOR contributes to eIF4E phosphorylation
To determine a correlation between eIF4E phosphorylation and
the inhibition of mTOR, Jurkat cells were stably transfected with
a lentivirus expressing a short hairpin RNA (shRNA) targeting
mTOR or control, and the impact on eIF4E phosphorylation was
examined. GFP immunofluorescence demonstrated the transduc-
tion efficiency in Jurkat cells (Fig. 3a). Next, the gene knockdown
efficiency was analyzed by Western blotting. Using this technique,
we observed that mTOR expression was significantly reduced in
Jurkat cells. We further observed that the silencing of mTOR
resulted in markedly decreased phosphorylation of mTOR on
Ser2448 and P70S6K on Thr389, a downstream target of mTORC1.
Importantly, we also found that mTOR shRNA significantly
increased the phosphorylation of eIF4E (Fig. 3b). In addition,
everolimus induced enhanced eIF4E phosphorylation in mTOR-
silenced cells compared with the control (Fig. 3c).

The MNK1 inhibitor CGP57380 exhibits antileukemia activity
The antiproliferative activity of CGP57380 was determined in
T-ALL cell lines using the MTT assay. As shown in Fig. 4a,
CGP57380 inhibited the proliferation of Jurkat and CEM cells in a
dose- and time-dependent manner, with half-maximal inhibitory
concentrations (IC50) of 6.32 and 4.09 μM, respectively, at 48 h. To
characterize the cytotoxicity of CGP57380 against T-ALL cell lines,

Fig. 2 Activation of eIF4E induced by everolimus is independent of the growth factors but can be inhibited by a PI3K inhibitor. a Jurkat cells
were serum starved for 24 h and then were treated with 40 nM of everolimus in the absence or presence of FBS for the indicated times. b The
cells were cultured in serum-deficient medium for 24 h and then were treated with 40 nM of everolimus, 20 ng/mL of IGF-1, or their
combination for 60, 120, 180 and 360min, respectively. c Jurkat cells were pretreated with 10 μM of PQ401 (IGF-1R inhibitor) for 60 min and
then were co-treated with everolimus (40 nM) for the indicated times. d Jurkat cells were incubated with different concentrations of
everolimus and/or LY294002 for 24 h. Whole-cell lysates were prepared and subjected to SDS-PAGE followed by immunoblotting with
antibody that recognizes the corresponding antigen. The results are representative of three independent experiments

Fig. 3 Inhibition of mTOR contributes to the activation of eIF4E.
a Jurkat cells were infected with lentivirus carrying both GFP and
mTOR shRNA (LV-mTOR shRNA) or nonsense shRNA (LV-NC) that
served as a negative control. After puromycin selection, the
expression of GFP was analyzed by fluorescence microscopy.
b Jurkat cells stably transfected with shRNA anti-mTOR or control
were analyzed for the expression of eIF4E, phosphor-eIF4E, mTOR,
phosphor-mTOR, and phosphor-P70S6K by Western blotting.
c Immunoblot analysis of mTOR and eIF4E levels in Jurkat cells
stably expressing a nonsilencing or mTOR shRNA and treated in the
absence or presence of everolimus (40 nM for 24 h)
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we next performed Annexin V and PI staining followed by flow
cytometry analyses. Treatment with 16 μM of CGP57380 induced
apoptosis in more than 60% of Jurkat cells (Fig. 4b). We further
used immunoblotting to assess the activation of caspases in Jurkat
and CEM cell lines. As shown in Fig. 4c, CGP57380 triggered dose
dependently the cleavage of caspase-9, -8, -3 and PARP. Moreover,
activation of the caspase pathway induced by CGP57380 was
almost completely blocked by pretreatment with the pan-caspase
inhibitor z-VAD-fmk (25 μM) in Jurkat cells (Fig. 4d), and flow
cytometry analysis showed that the cytotoxicity against Jurkat
cells was significantly reduced by z-VAD-fmk pretreatment: the
percentage values of apoptotic cells were 4%, 39.9%, and 13.5% in
the control, 4 μM CGP57380, and z-VAD-fmk followed by 4 μM
CGP57380 groups, respectively (Fig. 4e).

CGP57380 inhibits the phosphorylation of MNK1 and downstream
eIF4E in T-ALL cells
It was reported that CGP5.7380, a potent MNK1 and MNK2
inhibitor, substantially reduced eIF4G in the eIF4F complex,
thereby inhibiting eIF4E phosphorylation [31]. Thus, Jurkat and
CEM cell lines treated with CGP57380 showed progressive
dephosphorylation of MNK1 and eIF4E (Fig. 5a). This finding was
confirmed by confocal microscopy analysis (Fig. 5b). To further
understand the consequences of specific MNK1 inhibition, we
knocked down MNK1 using a lentiviral shRNA vector in Jurkat
cells. We observed a significant decrease not only in the
expression of MNK1 and phosphor-MNK1 but also in the
expression of phosphor-eIF4E in Jurkat cells transfected with
MNK1 shRNA (Fig. 5c). Because the phosphorylation of eIF4E, a
key component of the mRNA cap-binding complex, by MNK1 may
enhance the translation of some mRNAs to produce cancer-
associated proteins, including anti-apoptotic proteins, such as
Mcl-1 and Bcl-2, and oncoproteins, such as c-Myc and cyclin D1
[21, 31], we next examined the effects of CGP57380 on the
expression of these anti-apoptotic proteins and oncoproteins
(Fig. 5d). A significant reduction in the levels of Mcl-1, c-Myc

and surviving, but slight downregulation of Bcl-2 and cyclin-
dependent kinase-2 (CDK-2) expression, was observed.

CGP57380 overcomes everolimus-mediated eIF4E
phosphorylation and sensitizes T-ALL cells to everolimus
In the last group of experiments, we tested whether the
therapeutic strategy combining CGP57380 with everolimus could
be effective in treating T-ALL. Jurkat and CEM cells were treated
with CGP57380 (2–16 μM) combined with everolimus (5–40 nM).
As shown in Fig. 6a, b, the combination with CGP57380 and
everolimus was more efficacious than either single drug in
inhibiting the cellular proliferation of T-ALL cell lines. The CI at
the median effective dose (ED50) was 0.21 for Jurkat cells (Fig. 6b),
further indicating that everolimus and CGP57380 cotreatment is
highly synergistic. Apoptosis was also quantified using the PI
staining assay and Annexin V binding. The combination treatment
elicited 33.5% of Jurkat cells to undergo apoptosis, whereas
treatment with everolimus or CGP57380 alone resulted in 7.4%
and 20.8% of apoptotic cells, respectively (Fig. 6c). Similar results
were obtained with CEM cells (Fig. 6c). Next, the expression of
caspase pathway molecules was also examined after everolimus
and CGP57380 treatment. As shown in Fig. 6d, combined but not
individual treatment resulted in a pronounced increase in the
cleavage of caspase-3, caspase-8 and caspase-9 and degradation
of PARP in Jurkat and CEM cells. To investigate whether CGP57380
indeed blocked everolimus-induced eIF4E phosphorylation, we
further treated Jurkat cells with everolimus in the absence and
presence of CGP57380 and analyzed eIF4E phosphorylation by
Western blotting analysis. As shown in Fig. 6e, the presence of
CGP57380 effectively inhibited everolimus-induced eIF4E phos-
phorylation. Finally, to demonstrate that the synergistic killing
effect was preferentially mediated by MNK1 inhibition, we then
compared levels of eIF4E phosphorylation between Jurkat cells
and Jurkat cells with MNK1 shRNA after treatment with ever-
olimus. The results revealed that the silencing of MNK1 weakened
everolimus-induced eIF4E phosphorylation (Fig. 6f).

Fig. 4 Effect of the MNK1 inhibitor CGP57380 on T-ALL cell lines. a Jurkat and CEM cells were cultured with increasing concentrations of
CGP57380 for 24 and 48 h, respectively. Cell viability was assessed by the MTT assay. b Jurkat cells were harvested after incubation with
CGP57380 (4-16 µM) for 24 h, then cell apoptosis was assessed by the Annexin V/PI-staining-based flow cytometry assay. c The cleavage of
caspase-3, -8, -9, and PARP was determined by Western blotting analysis after treatment with CGP57380 (4, 8 and 16 μM) for 24 h. d Jurkat cells
were treated with 16 μM CGP57380 for 24 h, with or without 25 μM z-VAD-fmk pretreatment. Activation of the caspase cascade was
determined by Western blotting analysis. e Induction of apoptosis was assessed by flow cytometry after Annexin V/PI-staining
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DISCUSSION
The regulation of the PI3K/Akt/mTOR pathway is complex, largely
due to the existence of multiple feedback loops and direct
activation mechanisms that place mTOR both upstream and
downstream of several oncogenic and antiapoptotic pathways
[6, 7]. For example, the mTORC1 inhibitor everolimus could
hyperactivate Akt, which hampers its anti-cancer action and
results in drug resistance [32–34]. On the other hand, it was also
reported that the inhibition of mTOR signaling results in eIF4E
phosphorylation in human cancer cells, including lung cancer and
breast cancer cells [35, 36]. However, the issue of increased eIF4E
phosphorylation in response to mTORC1 inhibition has not been
investigated in T-ALL. Previous studies have shown that most
breast cancer cell lines are sensitive to everolimus with IC50 values
of less than 20 nM [37, 38]. In the present study, we found that,
although everolimus inhibits the growth of T-ALL cell lines in a
dose-dependent manner, its cytotoxicity leveled off at 100 nM
with a maximum inhibition below 40% of cell viability, indicating
that T-ALL cells are relatively resistant to everolimus. Additionally,
Jurkat cells exposed to everolimus exhibited increased eIF4E
phosphorylation at Ser209. In the shRNA experiment, silencing of
mTOR also induced eIF4E phosphorylation, clearly indicating a
correlation between eIF4E phosphorylation and the inhibition of
mTOR in T-ALL cells. Taken together, everolimus-induced eIF4E
phosphorylation may contribute to weaken the anticancer efficacy
of the mTORC1 inhibitor.
Previous studies have shown that rapamycin induced-eIF4E

phosphorylation is not observed in lung cancer and breast cancer
cells where both MNK1 and MNK2 were knocked out, suggesting
that increased eIF4E phosphorylation by mTOR inhibitor is
mediated through an MNK-dependent pathway [35, 36]. In human
medulloblastoma and prostate cancer cells, MNK2, but not MNK1,
contributes to the effect of mTORC1 inhibitors on eIF4E
phosphorylation [39, 40]. Our study shows that the activation of
eIF4E induced by everolimus is MNK1 mediated; however,
silencing of the MNK1 gene only partially alters the modulation

of eIF4E phosphorylation by everolimus. “Thus, whether MNK2 is
linked to activation of eIF4E in T-ALL cells needs to be investigated
in the future”. We also found that the presence of the PI3K
inhibitor, LY294002, remarkably abrogated eIF4E phosphorylation
induced by everolimus. This result is consistent with studies in
different model systems [35]. Given these observations, it could be
speculated that triple combinations of a PI3K inhibitor, an
mTORC1 inhibitor, and an MNK1 inhibitor in the treatment of
T-ALL might be a new and promising therapeutic approach.
It is well known that the phosphorylation of eIF4E by MNK on

Ser209 is critical for the oncogenic activity of eIF4E [18, 28].
Inhibition of MNK could suppress lymphogenesis driven by the
loss of PTEN [41]. Thus, inhibiting MNKs might be the new
therapeutic approach to target hyperactivated T-ALL cells treated
with everolimus. In our present study, we investigated the effects
of the MNK1 inhibitor CGP57380 on T-ALL cell lines. We found that
CGP57380 suppressed the levels of phosphor-MNK1 and eIF4E
phosphorylation at Ser209 and inhibited cellular proliferation and
induced apoptosis that was dependent on activation of the
caspase pathway in T-ALL cells. NOTCH1 mutations have been
found in >50% of patients with T-ALL, indicating the NOTCH-1
gene is a major oncogenic driver and therapeutic target in T-ALL
[42]. A more recent study demonstrated that the oncogenic
activity of NOTCH-1 in T-ALL is strictly dependent on Myc
upregulation [43]. In this study, it was observed that CGP57380
downregulates Mcl-1, survivin, and c-Myc. These data collectively
demonstrate multiple mechanisms seem to be implicated in the
antileukemic activity of CGP57380, possibly contributing to the
combination effect of CGP57380 and everolimus.
In summary, we demonstrated that the MNK1 inhibitor

CGP57380 can overcome the limitation of activation of eIF4E
induced by everolimus. CGP57380 also significantly inhibits the
expression of MNK1 and phophor-MNK1, thereby downregulating
its downstream molecules, including Mcl-1, c-Myc, survivin, and
CDK2. Furthermore, CGP57380 sensitizes T-ALL cells to apoptosis
induced by everolimus. Thus, our results suggest that the

Fig. 5 CGP57380 blocks the phosphorylation of MNK1 and downstream eIF4E in T-ALL cells. a Western blotting analysis of MNK1 and eIF4E
expression in Jurkat and CEM cells after treatment with different concentrations (4-16 μM) of CGP57380 for 24 h. b Confocal images of Jurkat
cells stained with anti-phosphor-eIF4E antibody, followed by incubation with DyLight®488 goat anti-rabbit polyclonal antibody. Fluorescence
was visualized by confocal microscopy. c Western blotting analysis of MNK1, eIF4E, and mTOR in Jurkat cells stably transfected with shRNA
anti-MNK1 (LV-MNK1 shRNA) or nonsilencing control (LV-NC). d After treatment with CGP57380 at various concentrations for 24 h, the
expression of several downstream targets, such as Bcl-2, Mcl-1, c-Myc, survivin and CDK2, in Jurkat and CEM cells were determined by Western
blotting analysis
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combination of targeting both mTOR and MNK1/eIF4E is an
attractive strategy for T-ALL.
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