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Abstract
The eukaryotic translation initiation factor 4E (eIF4E), which is the main composition factor

of eIF4F translation initiation complex, influences the growth of tumor through modulating

cap-dependent protein translation. Previous studies reported that ribavirin could suppress

eIF4E-controlled translation and reduce the synthesis of onco-proteins. Here, we investi-

gated the anti-leukemic effects of ribavirin alone or in combination with tyrosine kinase

inhibitor imatinib in Philadelphia chromosome positive (Ph+) leukemia cell lines SUP-B15

(Ph+ acute lymphoblastic leukemia cell line, Ph+ ALL) and K562 (chronic myelogenous leu-

kemia cell line, CML). Our results showed that ribavirin had anti-proliferation effect; it down-

regulated the phosphorylation levels of Akt, mTOR, 4EBP1, and eIF4E proteins in the

mTOR/eIF4E signaling pathway, and MEK, ERK, Mnk1 and eIF4E proteins in ERK/Mnk1/

eIF4E signaling pathway; reduced the expression of Mcl-1 (a translation substrates of

eIF4F translation initiation complex) at protein synthesis level not mRNA transcriptional

level; and induced cell apoptosis in both SUP-B15 and K562. 7-Methyl-guanosine cap affin-

ity assay further demonstrated that ribavirin remarkably increased the eIF4E binding to

4EBP1 and decreased the combination of eIF4E with eIF4G, consequently resulting in a

major inhibition of eIF4F complex assembly. The combination of ribavirin with imatinib

enhanced antileukemic effects mentioned above, indicating that two drugs have synergistic

anti-leukemic effect. Consistent with the cell lines, similar results were observed in Ph+

acute lymphoblastic primary leukemic blasts; however, the anti-proliferative role of ribavirin

in other types of acute primary leukemic blasts was not obvious, which indicated that the

anti-leukemic effect of ribavirin was different in cell lineages.
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Introduction
The eukaryotic translation initiation factor 4E (eIF4E) is over-expressed in many human can-
cers, such as breast cancer, prostate cancer, and acute myeloid leukemias [1–3]. eIF4E is the
main composition factor of eIF4F translation initiation complex, which binds with the
5’7-methyl guanosine (m7G) mRNA cap and influences the growth of tumor through modulat-
ing cap-dependent protein expression [4]. eIF4E enhances the translation of some regulated
onco-proteins, including regulators of cell cycle (CyclinD), apoptosis (Mcl-1), angiogenesis
(VEGF), and others. Two main signaling pathways regulate the eIF4E activity, one is the mam-
malian target of rapamycin (mTOR)/eIF4E-binding proteins (4E-BPs) pathway, and another
one is mitogen-activated protein kinase (MAPK)-interacting kinase-1/2 (Mnk1/2) [5,6]. The
hypophosphorylated 4EBP1 could prevent the formation of the eIF4F complex by tightly bind-
ing with eIF4E to prevent the recruitment of eIF4G, i.e., a scaffolding molecule, to the 5’cap of
mRNA. However, the phosphorylation by the mTORC1 (mTOR complex 1) leads to the disso-
ciation of 4EBP1 from eIF4E, allowing for binding of eIF4G and eIF4A to form the eIF4F com-
plex [7]. Thus, PI3K/Akt/mTORC1/eIF4E signaling pathway plays an important role in
regulating the protein synthesis. The eIF4E phosphorylation at Ser209 by Mnk1/2 kinases,
which are activated by ERK (extracellular regulated protein kinases) and p38 pathway, is also
critical for the onco-genic activity of eIF4E [8]. Mnk uses eIF4G as a docking site to phosphory-
late eIF4E and strengthens the onco-protein translation function by enhancing the ability of
combination with 5’cap structure of mRNA, which promotes tumorigenesis [9,10].

Ribavirin (1-β-D-ribofuranosyl-1,2,4,-triazole-3-carboxamide), a broad-spectrum antiviral
drug, physically mimics the m7G cap depending protein. Previous studies have shown that
ribavirin has antitumor activity in various tumor cells in an eIF4E-dependent manner. Success-
ful ribavirin treatments in the breast cancer and refractory M4/M5 AML patients have
attracted great interest along with attentions that ribavirin (eIF4E-targeted agents) treatment
could be clinically beneficial in the 30% of cancers characterized by elevated eIF4E with poor
prognosis [1,3,11]. A Phase II trial (NCT00559091) demonstrated that targeting eIF4E with
ribavirin has significant clinical activity with no treatment-related toxicity in patients with M4/
M5 AML [3]. And the combination therapy of ribavirin with some common chemo-therapeu-
tic agents of AML showed a synergistic effect in primary acute myeloid leukemia specimens
[11]. Ribavirin has antitumor effect by suppressing eIF4E-controlled translation and inhibiting
the synthesis of onco-proteins, including a number of cell growth-related, proliferation-related,
and apoptosis-related proteins, such as anti-apoptotic factor Mcl-1, the cell cycle regulators
cyclin D1 and D3, pro-vascular endothelial growth factor VEGF, and onco-protein c-Myc. Fur-
thermore, ribavirin impairs eIF4E mediated apoptotic rescue and eIF4E dependent Akt sur-
vival signaling by up-regulation of Nijmegen breakage syndrome 1 (NBS1), a Akt pathway
activator [4,12–15]. Therefore, it is a promising drug to treat tumor cells with over-expressed
eIF4E.

Philadelphia (Ph) chromosome is characterized by the translocation (9;22) (q34;q11) that
forms bcr-abl fusion oncogene, which encodes Bcr-Abl fusion protein. Ph chromosome is
found in 95% of chronic myelogenous leukemia (CML) and 20–30% of adult acute lympho-
blastic leukemia (ALL), which are designated as Ph+ leukemia. Philadelphia chromosome
positive acute lymphoblastic leukemia (Ph+ ALL) has poor prognosis when conventional che-
motherapy is used. Imatinib, the Bcr-Abl specific tyrosine kinase inhibitor, was developed for
CML. It has been widely used in the clinical treatment of CML and has achieved remarkable
results [16,17]. Accordingly, many studies have tried to combine imatinib with chemotherapy
to treat Ph+ ALL. The results showed that imatinib-combined chemotherapy is effective and
feasible for Ph+ ALL and superior to chemotherapy or imatinib alone [18,19]. However,
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imatinib-resistance leads to the distinct effect in Ph+ ALL, in contrast to CML [20,21]. Hence,
the search for new therapeutic approaches for Ph+ ALL is imminent.

Our previous study found that 4EBP1/eIF4E protein translation axis was over-expressed in
Ph+ ALL [22]. Bcr-Abl contributed to the phosphorylation of 4E-BP1 (inactivation) and
induced the formation of eIF4F translation initiation complex, enhancing the cap-dependent
protein expression, in which 4EBP1/eIF4E signaling pathway plays an important role in the
pathogenesis of Ph+ leukemia [23]; accordingly, it may be a promising therapeutic target in Ph
+ ALL. Therefore, we attempted to use ribavirin to treat eIF4E over-expressed Ph+ ALL.

In this study, Ph+ ALL cell line SUP-B15, CML cell line K562, and primary leukemia blasts
were treated with ribavirin alone or in combination with imatinib. The results showed that
ribavirin combined with imatinib had obvious synergistic anti-leukemic effect in Ph+ ALL by
suppressing the phosphorylation of mTOR/eIF4E signaling pathway and, surprisingly, by
inhibiting the ERK/Mnk1/eIF4E signaling pathway, blocking the assembly of eIF4F complexes,
and inducing apoptosis. Therefore, ribavirin combined with tyrosine kinase inhibitors might
be a new therapeutic option to Ph+ ALL patients in the future.

Materials and Methods

Cells and reagents
The human Ph+ ALL cell line SUP-B15 (the American Type Culture Collection, CRL-1929),
CML cell line K562 (Hematology Lab, West China Hospital of Sichuan University, Sichuan,
China 610041), and primary leukemic blasts were maintained in RPMI 1640 or IMDM (Hyclo,
USA), supplemented with 5% penicillin/streptomycin and 10% fetal bovine serum (FBS) in a
humidified atmosphere at 37°C in a 5% CO2 incubator. Blast cells were isolated by Ficoll den-
sity gradient centrifugation (TBD Science, Tianjin, China). Ribavirin (Sigma, USA) was dis-
solved in H2O at a stock concentration of 20mmol/L and sterile filtered, kept at -80°C in small
aliquots. Imatinib (Basel, Switzerland), U0126 (Beyotime), and CGP57380 (Sigma) were pre-
pared in dimethyl sulfoxide (DMSO) stored at -20°C with 10 mmol/L and diluted into suitable
concentrations before being used.

Ethics statement
The bone marrow and peripheral blood samples from 30 acute leukemia or CML patients in
the Department of Hematology, the West China Hospital, Sichuan University were obtained
after obtaining written informed consent from the patients and approval from the clinical trials
and biomedical ethics special committee of West China Hospital of Sichuan University.

Primary leukemic specimens
The 30 specimens divided into four groups according to the morphologic, immunologic and
molecular characteristics of leukemia cells, including 12 cases of Ph+ ALL (9 cases were newly
diagnosed, 3 cases were relapsed), 5 cases of Ph-negative ALL (Ph- ALL) (4 cases were newly
diagnosed, 1 case was recurrence after allogeneic hematopoietic stem cell transplantation),
5 cases of Ph+ CML (2 cases were blast crisis, 3 case were in the accelerated phase), 8 cases of
AML (all cases were newly diagnosed). The relapsed patients of Ph+ ALL and CML have previ-
ously accepted the treatment of imatinib.

Cytotoxicity assay
Cells were plated in RPMI 1640 or IMDM on 96-well plates, with indicated concentrations of
ribavirin, imatinib alone, or combination, and incubated at 37°C for 72h. Cytotoxicity was
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measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT,
Sigma) assay and the optical density (OD) quantified with uQuant MQX200 Microplate Spec-
tro-photometer (Biotek) at 570 nm. The cell viability rate was calculated as follows: [OD
(agent)−OD(blank)]/[OD(control)−OD(blank)]×100%. IC50 (the concentration of drug to kill
50% cells) values were calculated by SPSS17.0, as described previously [24]. The combination
index (CI) was used to analyze the synergistic cytotoxicity effect and calculated using the fol-
lowing formula: CI = A1/Am1+B2/Bm2 (A1or B2 is the concentration of combined agents that
produce the cytotoxicity effect, Am1 or Bm2 is the concentration of single agent to produce the
same cytotoxicity effect). CI value less, equal to, or greater than 1 indicated that the interaction
of the two drugs is synergistic, additive, or antagonistic, respectively [25].

Western blotting
Whole cell extracts were prepared by the lysis of cells (1×107) in RIPA lysis buffer (20mM Tris,
pH 7.4, 250mMNaCl, 2mM EDTA, pH 8.0, 0.1% Triton-X100, 0.01mg/ml aprotinin,
0.005mg/ml leupeptin, 0.4mM PMSF, 4mMNaVO4) at 4°C and supplemented with protease
and phosphatase inhibitors. Total proteins (30–120μg) were loaded onto 6% to 12% sodium
dodecyl sulfate (SDS)-polyacrylamide gels and then electro-transferred to polyvinylidene
difluoride membranes (Millipore, Billerica, USA). Western blots were performed to detect total
Akt, phospho-Akt (Ser473), total mTOR, phospho-mTOR (Ser2448), total 4EBP1, phospho-
4EBP1 (Thr37/46), total eIF4E, phospho-eIF4E (Ser209), phospho-cRaf (Ser338), total MEK,
phospho-MEK1/2 (Ser217/221), phosphor-ERK1/2 (Thr202/Tyr204), total Mnk1, phospho-
Mnk1 (Thr197/202), phospho-Lyn (Tyr396), Mcl-1, and Cyclin D1 (Cell Signaling Technol-
ogy, USA). The immunoblots were visualized by an enhanced chemiluminescence (ECL) detec-
tion system (Bio-Rad Laboratories) according to the manufacturer’s instructions. GAPDH was
used to confirm equal protein loading.

7-Methyl-guanosine cap affinity assay
Samples (1×107 cells) were lysed in 500μl of RIPA lysis buffer and clarified by centrifugation
(13,000g, 20 minutes, 4°C). Aliquots of supernatants were incubated with 50μl of 7m-GTP-Se-
pharose beads (GE Healthcare) for 1 to 2 hours at 4°C. The beads were then washed 3 times in
1ml of phosphate-buffered saline (PBS) and boiled in 50μl of SDS-PAGE sample buffer for 7
minutes. The retained supernatants were analyzed by Western blot with primary antibodies
against total 4EBP1, eIF4E, and eIF4G (Cell Signaling Technology, USA), as described in sec-
tion 5 of the methods section.

Flow cytometric analysis
SUP-B15 and K562 cells were treated with ribavirin, imatinib, and ribavirin plus imatinib at
indicated concentrations for 24h, 48h, and 72h. Apoptotic cells were quantified by flow cyto-
metric analysis with Annexin V-FITC and propidium iodide (PI) double staining using a detec-
tion kit (KeyGEN Biotech, Nanjing, China) according to the manufacturer’s instructions.

Real-time quantitative PCR
SUP-15 and K562 cells were treated with indicated concentration of ribavirin, imatinib, and
ribavirin plus imatinib for 48h. Total RNA extraction, reverse transcription, and real-time
polymerase chain reaction (PCR) were carried out as previously described [26]. Forward
primer ofMcl-1 is CCA GGC AAG TCA TAG AAT and reverse primer is GAG GCT TAC
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AGT CAT AGT T while GAPDH forward primer is GTG AAC CAT GAG AAG TAT GAC
AAC and reverse primer is CAT GAG TCC TTC CAC GAT ACC.

Results

1. The anti-proliferation effects of ribavirin alone or in combination with
imatinib on SUP-B15 and K562 cell lines
Previous studies have shown that myelogenous leukemia cells are sensitive to ribavirin [3,15].
Here, we examined the effect of ribavirin on the viability in Ph+ leukemia cell lines SUP-B15
and K562. The results showed that ribavirin significantly inhibited the proliferation of
SUP-B15 in a dose-dependent and time-dependent manner (Fig 1A). The same results
were found for K562 cells (S1 Fig). After 72 hours exposure, the IC50 values of ribavirin and
imatinib alone were 65.18±11.8μM and 1.44±0.71μM for SUP-B15, and 78.30±5.16μM and

Fig 1. Anti-leukemic effect of ribavirin alone or combined with imatinib in Ph+ leukemia cell lines. A. SUP-B15 cells were treated with 30, 60, 90, and
120μM ribavirin for 24, 48, 72, and 96h. Cell proliferation was assessed by the MTT assay and cell survival rates were presented. B. SUP-B15 cells were
treated with a series of concentrations of imatinib (0.001–20μM) alone or combined with 10μM or 20μM ribavirin for 72h, the IC50 values of imatinib were
shown. C. K562 cells were treated with 1μM imatinib or combined with 10μM ribavirin for 72h, the IC50 values of imatinib were shown. The data represent
means±SD of three experiments. * represents p<0.05, ** represents p<0.01.

doi:10.1371/journal.pone.0136746.g001
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0.18±0.02μM for K562 cells, respectively. However, combined with 10μM or 20μM ribavirin,
the IC50 values of imatinib decreased to 0.075±0.043μM and 0.015±0.009μM in SUP-B15 cell
line (Fig 1B). The differences between imatinib alone and imatinib plus ribavirin were statisti-
cally significant (p = 0.005 and p = 0.004, respectively). The combination index (CI) calculated
for 50% inhibition of cell growth was 0.206 and 0.317, which indicated that the two drugs had
synergistic effect on anti-proliferation. Consistently, the IC50 value of imatinib combined with
10μM ribavirin in the K562 cell lines was 0.077±0.01μM (Fig 1C) with the CI of 0.556. These
results indicated that the combination of imatinib and ribavirin had synergistic anti-leukemic
effect in Ph+ leukemia cell lines.

2. Ribavirin inhibited the signaling pathways of mTOR/eIF4E, MEK/ERK/
Mnk1/eIF4E in SUP-B15 and K562 cell lines
To study the anti-leukemic mechanisms of ribavirin at the protein level, western blot analysis
was used to investigate the expression of mTOR/eIF4E signaling pathways after ribavirin treat-
ment. The results showed that 30–90μM ribavirin down-regulated the phosphorylation levels
of mTOR at Ser2448, 4EBP1 at Thr37/46, and eIF4E at Ser209 proteins in the mTOR/eIF4E
signaling pathway, resulting in the reduction of the translation substrates Mcl-1 in dose and
time-responsive manners in SUP-B15 cell line (Fig 2A and 2B). Meanwhile, ribavirin strongly
inhibited the phosphorylation of Akt at Ser473, as reported previously [11–13]. The combina-
tion of ribavirin with imatinib down-regulated the phosphorylation level of these proteins
more significantly than ribavirin alone (Fig 2C). The same results were found in K562 cell line
(S2 Fig).

Meanwhile, we investigated the effect of ribavirin on the MEK/Mnk1/eIF4E signaling.
Similarly, ribavirin down-regulated the phosphorylation levels of MEK at Ser217/221, ERK at
Thr202/Tyr204, Mnk1 at Thr197/202, and eIF4E at Ser209 proteins in ERK/Mnk1/eIF4E
signaling pathway. Moreover, the results indicated ribavirin acted at MEK level. The combina-
tion of ribavirin with imatinib down-regulated the phosphorylation level of these proteins
more significantly than did ribavirin alone (Fig 3A). Further, SUP-B15 cells were incubated
with MEK1/2 inhibitors U0126 and Mnk1 inhibitor CGP57380 or in combination with ribavi-
rin. As expected, U0126 effectively inhibited the phosphorylation of ERK1/2, Mnk1, and
eIF4E; thus, the function of MEK was inhibited. Similarly, CGP57380 blocked the phosphory-
lation of eIF4E (the substrates of Mnk1), indicating that the function of Mnk1 was inhibited
(Fig 3B). The combination of ribavirin and U0126 down-regulated the phosphorylation level
of these proteins more significantly compared to ribavirin alone (Fig 3C).

These results confirmed that ribavirin could repress the eIF4E function through down-regu-
lating the phosphorylation of mTOR, MEK/Mnk1/2 signaling pathways, reducing the onco-
protein synthesis, and having an anti-leukemic role in Ph+ leukemia cell lines.

3. EIF4F complex formation is inhibited by ribavirin in SUP-B15 and
K562 cell lines
As described previously, eIF4E-controlled translation is closely relevant to the formation of
eIF4F complex. Therefore, we investigated the effect of ribavirin on eIF4F assembly with the
pull-down assays using 7m-GTP-Sepharose beads, which mimic the cap structure of mRNA
[27]. SUP-B15 and K562 leukemia cells were treated separately with ribavirin, imatinib, and
ribavirin plus imatinib for 48h. The results of western blot analysis showed that the two drugs
did not change the expressions of 4EBP1, eIF4E, and eIF4G in whole cell lysis. However, after
7m-GTP pull-down, ribavirin increased the combination of eIF4E and 4EBP1 while it decreased
the combination of eIF4E and eIF4G in both SUP-B15 and K562 cells; therefore, it inhibited
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the assembly of eIF4F translation initiation complex. When combined with imatinib, the inhi-
bition effect on eIF4F translation initiation complex was more obvious; moreover, the change
extent was more apparent in SUP-B15 cells than in K562 cells (Fig 4).

4. The effect of ribavirin, imatinib alone, and their combination on the
expression ofMcl-1mRNA and protein in SUP-B15 and K562 cell lines
Mcl-1 is an anti-apoptotic protein, and the results above indicated that ribavirin down-regu-
lated the expression of Mcl-1 on protein level. To evaluate whether ribavirin influences Mcl-1
mRNA level, the real-time quantitative PCR was performed to examine the level ofMcl-1
mRNA expression after being incubated with the indicated concentration of ribavirin, imati-
nib, ribavirin plus imatinib for 48h in SUP-B15 and K562 cell lines. The results showed that
the expression of Mcl-1 did not change at the mRNA level in both cell lines (p>0.05) (S3A and
S3C Fig) but changed at protein levels (S3B and S3D Fig), which indicated that ribavirin affects
Mcl-1 expression at protein but not at mRNA level.

Fig 2. Ribavirin inhibited the signaling pathway of mTOR/eIF4E in SUP-B15. A. The SUP-B15 cells were treated with different concentrations of ribavirin
for 48h, and the proteins in mTOR/eIF4E signaling pathway and Mcl-1 were detected by western bolt analysis. B. The SUP-B15 cells were incubated in 60μM
ribavirin for 24, 48, 72h, and the mTOR/eIF4E pathway expression was detected by western bolt analysis. C. The expression of mTOR/eIF4E pathway and
Mcl-1 in SUP-B15 cells after treated with ribavirin (30μM), imatinib (10μM) alone, and 30μM ribavirin plus 10μM imatinib for 48h.

doi:10.1371/journal.pone.0136746.g002
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5. The effect of ribavirin and imatinib on the apoptosis in SUP-B15 and
K562 cell lines
Next, the effect of ribavirin on apoptosis rates was tested with flow cytometry (FCM) in
SUP-B15 and K562 cell lines. SUP-B15 and K562 cells were incubated with indicated concen-
trations of ribavirin, 1μM, or 0.2μM imatinib, and ribavirin plus imatinib for 24h, 48h, and
72h. The apoptotic rates were detected by FCM (Annexin V-FITC double staining). Compared
with 2.3% of apoptotic rate in control, the apoptotic rate of SUP-B15 cells increased to 10.36%
and 36.0% after the exposure to 30 and 60μM ribavirin for 48h, respectively. The apoptotic rate
increased to 18.4%, 36.0%, and 45.4% following treatment with 60μM ribavirin for 24, 48, and
72h, respectively, in SUP-B15 cells. Imatinib alone had a moderate pro-apoptosis effect on
SUP-B15, and apoptosis rate was 13.8%. However, 30μM ribavirin plus imatinib resulted in an
increase in apoptotic rate to 31.1% (48h) (Fig 5A–5C). As shown in Fig 5D and 5E, ribavirin

Fig 3. Ribavirin inhibited the MEK/ERK/Mnk1/eIF4E signaling pathway in SUP-B15. A. The expression of MEK/ERK/Mnk1/eIF4E pathway and Mcl-1 in
SUP-B15 cells was detected after treated with ribavirin (30μM), imatinib (10μM) alone, and 30μM ribavirin plus10μM imatinib for 48h. B. Indicated
concentrates of U0126 (MEK1/2 inhibitor) or CGP57380 (Mnk1 inhibitor) alone treated SUP-B15 cells and the MEK/ERK/Mnk1/ eIF4E signaling pathway
expression were analyzed. C. The SUP-B15 cells were treated with 60μM ribavirin alone or plus 10μMU0126 (MEK1/2 inhibitor) for 6, 24, 48, and 72h, and
the expression of MEK/ERK/Mnk1/eIF4E pathway and Mcl-1 was detected by western bolt analysis.

doi:10.1371/journal.pone.0136746.g003
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induced the apoptosis in a time and dose-dependent manner in K562 cells, and the combina-
tion of imatinib with ribavirin exerted a significant synergistic effect. Together, these results
suggested that ribavirin induced apoptosis with a time and dose-dependent response and had a
synergistic effect with imatinib in both SUP-B15 and K562 cell lines. The induction of apopto-
sis maybe a key action for ribavirin-induced cell death in Ph+ leukemia cells.

6. Ribavirin played an anti-leukemic role via mTOR/eIF4E, ERK/Mnk1/
eIF4E signaling pathways in Ph+ ALL primary blasts
In the next study, anti-leukemic role of ribavirin was investigated in primary leukemic blasts.
The blasts were treated with ribavirin, imatinib alone, or combination of both. MTT assay,
western blot analysis, and 7-Methyl-guanosine cap affinity assay were performed. The results
of MTT assay showed that ribavirin alone had a moderate anti-proliferation effect in Ph+ ALL
primary blasts with the average inhibition rate of 57.8% in 1mM ribavirin. However, it had little
inhibition effect on cell growth in Ph- acute lymphoblastic leukemia and Ph+ CML, with the
average inhibition rates of 26.8% and 29.9%, respectively, at the same concentration. The dif-
ferences between these groups and group Ph+ ALL were statistically significant, with p values
of 0.003 and 0.002, respectively. Ribavirin at low concentration (100μM) enhanced the inhibi-
tion of imatinib to Ph+ ALL blasts. The mean IC50 of imatinib alone was 6.37μM and decreased
to 3.56μMwhen combined with 100μM ribavirin. The difference was statistically significant
(p = 0.039). In contrast, the same concentrations of ribavirin did not have a significant effect
on the anti-proliferation of imatinib in other leukemia primary blasts, including Ph-ALL
(p = 0.152), AML (0.177), and CML (p = 0.147) (Fig 6A).

Western blot analysis was performed in 11 cases to test the effect of ribavirin on growth-sig-
naling pathways when the number of primary blasts was enough (more than 1×107). Blast cells
were treated with 10μM imatinib, 500μM ribavirin, and combination for 48h, and the results
suggested that ribavirin alone significantly reduced the phosphorylation of mTOR/eIF4E,
ERK/Mnk1/eIF4E signaling pathways, substrates Mcl-1, and p-Lyn in all 6 cases of Ph+ ALL
primary blasts, and the combination of ribavirin and imatinib had greater effect on the signal-
ing pathways, as described in the cell lines (Fig 6B and 6C). However, the effect of ribavirin on

Fig 4. eIF4F complex formation is inhibited by ribavirin in SUP-B15 and K562 cell lines. A. The SUP-15 cells were treated with ribavirin, imatinib alone,
or ribavirin plus imatinib for 48h. 1×107 cells were lysed in 500μl of RIPA lysis buffer. 7mGTP-Sepharose beads were added into part of supernatants,
incubated for 1–2h, and solubilized in 50μl of SDS-PAGE sample buffer. The buffer was boiled for 7 min and was immunoblotted with the primary antibodies
against eIF4G, eIF4E, and 4EBP1. The retained supernatants were analyzed by western blot with primary antibodies against eIF4G, eIF4E, 4E-BP1, and
GAPDH, as control. B. The K562 cells were conducted by 7mGTP pull-down analysis, like SUP-B15 cells.

doi:10.1371/journal.pone.0136746.g004
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down-regulating the phosphorylation of these signaling pathways in other leukemia primary
blasts was not obvious (S4 Fig), which indicated that the anti-leukemic effect of ribavirin was
difference in different cell lineages.

One case of Ph+ ALL blasts were incubated with ribavirin (500μM), imatinib (10μM), and
ribavirin plus imatinib for 48h, and 7-Methyl-guanosine cap affinity assay was executed. The
results showed that ribavirin and imatinib alone remarkably increased the eIF4E binding to
4EBP1 and decreased the combination of eIF4E with eIF4G, consequently resulting in a major
inhibition of eIF4F complex assembly. The combination of two drugs had a stronger inhibition
effect (Fig 6D).

Fig 5. The effect of ribavirin on apoptosis rates in SUP-B15 and K562 cell lines. A. SUP-B15 cells were cultured with ribavirin at the 60μM for 24, 48, and
72h, and apoptosis rates were assessed by flow cytometry after staining of the cells with annexin V-FITC and PI, PBS was used as a negative control. B. The
apoptosis rates of SUP-B15 cells when cultured with ribavirin at 30 and 60μM for 48h. C. The apoptosis rates of SUP-B15 cells when cultured with1μM
imatinib, 30μM ribavirin alone, or combined for 48h. D. K562 cells were cultured with ribavirin at the indicated doses for 24, 48 and 72h, and apoptosis rates
were assessed by flow cytometry after staining of the cells with annexin V-FITC and PI. E. The apoptosis rates of K562 cells when treated with 100μM
ribavirin alone or combined with 0.2μM imatinib for 24 or 48h. F. K562 cells were treated with 100μM ribavirin, 0.2μM imatinib alone or combined for 48h, and
apoptosis rates were assessed by flow cytometry after staining of the cells with annexin V-FITC and PI. * represents p<0.05, ** represents p<0.01,
*** represents p<0.001.

doi:10.1371/journal.pone.0136746.g005
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Discussion
Previous reporters have shown that ribavirin could be clinically beneficial as antitumor agent
in patients with poor AML prognosis characterized by elevated eIF4E with no significant treat-
ment-related toxicity [3]. Furthermore, aberrant cap-dependent mRNA translation may be a
therapeutic target in Bcr-Abl-driven malignancies [23]. Therefore, we come up with combining
ribavirin and imatinib to treat Ph+ ALL.

Our results demonstrated that ribavirin alone had dose- and time-dependent anti-prolifer-
ative effects and that the combination of imatinib and ribavirin inhibited the cell growth syner-
gistically in Ph+ ALL and CML cell lines. Ribavirin had a moderate growth-inhibition effect
and significantly enhanced the anti-leukemic effect of imatinib in Ph+ ALL primary blasts;

Fig 6. Ribavirin suppressed the cell growth and activation of mTOR/eIF4E, ERK/Mnk1/eIF4E signaling pathways in Ph+ ALL primary blasts.A. The
primary leukemia bonemarrow and peripheral blood samples were collected and treated at a series of concentrations of imatinib alone or combined with 100μM
ribavirin. TheMTT assay was performed and IC50 values of imatinb alone or in combination were calculated by SPSS17.0. The differences of IC50 values
between imatinib alone and combination with ribavirin in four groups (Ph+ ALL, Ph–ALL, AML, CML) were analyzed by two paired sample t-tests, * represents
p<0.05. B. The primary leukemia blasts were treated with 10μM imatinib, 500μM ribavirin, or combination, and the whole cell lysate was analyzed by western
blot with the indicated antibodies, PBSwas used as a negative control. The expression of mTOR/eIF4E signaling pathway in one of Ph+ ALL primary blasts was
shown. C. The expression of ERK/Mnk1/eIF4E signaling pathways in the primary blasts from one Ph+ ALL patient. D. The 7mGTP pull-down analysis was
performed in the primary blasts from one Ph+ ALL patient and the expressions of 4EBP1, eIF4E, and eIF4G in 7m-GTP pull down or whole cell lysate were
exhibited.

doi:10.1371/journal.pone.0136746.g006
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however, little growth-inhibition or promotion effects were observed in the other acute leuke-
mia and CML blasts. What would be the possible reasons of this phenomenon? Hence, we car-
ried out the next study to explore the mechanism of ribavirin’s anti-leukemia on Ph+ acute
lymphoblastic leukemia. The precise mechanism by which eIF4E induces onco-genic transfor-
mation remains unclear, but some evidence suggests that the Akt/mTOR and ERK/Mnk1 path-
ways regulate the activity of eIF4E [23,25,28]. eIF4E is an important target for oncogenic
translational deregulation in PI3K/AKT/mTOR and RAS/MEK signaling pathways, which act
on the downstream eIF4E, affecting the expression of onco-protein and apoptosis proteins
[6,23]. Hence, we investigated the effect of ribavirin on those two signal pathways. The results
showed that ribavirin alone down-regulated the phosphorylation levels of Akt, mTOR, 4EBP1,
and eIF4E proteins in the Akt/mTOR/eIF4E signaling pathway as well as MEK, ERK, Mnk1,
and eIF4E proteins in the ERK/Mnk1/eIF4E signaling pathway in both Ph+ cell lines SUP-B15
and K562. Since the phosphorylation of eIF4E on Ser209 regulated by Mnk1 in the ERK/
Mnk1/eIF4E pathway plays an important role in proliferation and eIF4E-eIF4G binding, we
further investigated the effect of this signaling pathway on the phosphorylation of eIF4E on
Ser209. Our data showed that ribavirin suppressed the phosphorylation of eIF4E by MEK/
ERK/Mnk1/eIF4E pathway, moreover, the target site of ribavirin was located at the MEK level
with little inhibition effect on p-Raf, and ribavirin combined with MEK inhibitor U0126
blocked the eIF4E phosphorylation more significantly than did ribavirin alone. Accordingly,
U0126 alone induced the phosphorylation of MEK (upstream of p-ERK) and CGP57380 up-
regulated the phosphorylation levels of ERK and Mnk1 (upstream of p-eIF4E), which are con-
sidered negative-feedback loops [28–30]. Hence, we concluded that ribavirin inhibited the
phosphorylation of 4EBP1 by Akt/mTOR/eIF4E pathway and the phosphorylation of Mnk1 by
ERK/Mnk1 pathway down-regulated the eIF4E phosphorylation levels, thereby blocking the
assembly of eIF4F and interrupting protein translation, which maybe a crucial anti-leukemic
mechanism of ribavirin.

The Akt/mTOR and ERK/Mnk1 pathway were also essential downstream signaling path-
ways for Bcr-Abl-mediated transformation. In theory, imatinib, which is the Bcr-Abl inhibitor,
could block the Bcr-Abl-mediating signaling, and imatinib plus ribavirin should show a promi-
nent anti-leukemic effect. As expected, the combination of ribavirin and imatinib down-regu-
lated the phosphorylation level of those proteins in the Akt/mTOR and ERK/Mnk1 pathways
in the SUP-B15 and K562 cell lines, especially p-eIF4E, and the effect was more significantly
than that of ribavirin alone. Additionally, consistent results were observed in all 4 cases of Ph
+ ALL primary blasts while the effects on the other types of acute leukemia and CML primary
blasts were uncertain when using the same concentrations of ribavirin. Our previous study
found that the main activated pathway was Raf/MEK/ERK signaling in K562 cells while the
Akt/mTOR/eIF4E and Raf/MEK/ERK signaling pathways were both highly activated in
SUP-B15 cells. The activation levels of Akt/mTOR/4EBP1 in SUP-B15 cells were markedly
higher than in K562 cells [25]. Furthermore, it has been reported that ribavirin can impair
eIF4E through NBS1/Akt pathway [1,12]. As stated above, ribavirin had anti-leukemic effects
by inhibiting activation of Akt/mTOR/4EBP1 and MEK/ERK/Mnk/eIF4E pathways. Accord-
ingly, we supposed that the anti-leukemic effect of ribavirin was more effective in SUP-B15 cell
line maybe because it inhibited both signaling pathways simultaneously while relatively single
pathway target in K562 cell line; hence, its effect was not so significant. Of course, we still can-
not exclude the precise cause due to the few number of primary blast samples. It was easy to
speculate that the other types of acute leukemia with negative Bcr-Abl expression have worse
consequences when performing combined treatment with imatinib and ribavirin because of
the lack of target point. We observed that imatinib even up-regulated the mTOR/4EBP1/eIF4E
axis in some primary Ph- ALL cases (S4B Fig).
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We further found that the eIF4F translation is of major importance in Ph+ acute lympho-
blastic leukemia after the ribavirin treatment through 7-Methyl-guanosine cap affinity assay.
As mentioned above, ribavirin is a physical mimic of the 507-methyl guanosine cap structure,
competing with endogenous mRNAs for binding with eIF4E [4,6]. The formation of eIF4F
complex was strongly inhibited after the exposure to ribavirin for 48 hours, as expected. Sur-
prisingly, imatinib alone also exerted similar results. When treating cells with ribavirin and
imatinib simultaneously, the inhibition activity was dramatically superior to the effects of riba-
virin or imatinib alone in SUP-B15, while we cannot see such a big difference in K562. When
tested with the two drugs alone in 1 case of Ph+ ALL primary sample, the increasing of the
4EBP1 levels and decreasing amounts of eIF4G bound to eIF4E were detected, and the effect
was more obvious when exposed to the two drugs together. These results indicated that ribavi-
rin inhibited the eIF4E assembly and that the combination of ribavirin and imatinib could fully
inhibit the formation of initial translation complex in SUP-B15 than K562 cells, resulting in
the decrease of cap-dependent translation. Maybe this is another reason that ribavirin com-
bined with imatinib exerted an extraordinary anti-leukemic effect on Ph+ ALL patients.

Mcl-1 associated with the pro-apoptotic Bcl-2 family protein Bim contributed to cell sur-
vival [31]. Mcl-1 is a downstream of eIF4F mRNA translation that depends highly on eIF4E
[6]. Inhibition expression of Mcl-1 induces apoptosis of tumor cells [9,10,32]. Therefore, Mcl-1
will be an important therapeutic target of antitumor in the future. In the present study, our
results exhibited that ribavirin inhibited the Mcl-1 synthesis at protein translation not mRNA
transcriptional level in Ph+ leukemia cell lines.

In summary, our studies demonstrated that ribavirin down-regulated the phosphorylation
level of mTOR/eIF4E and ERK/Mnk1/eIF4E signaling pathways, inhibited the assembly of
eIF4F translation initiation complexes, and reduced translation of onco-protein Mcl-1; there-
fore, it inhibited the proliferation of Ph+ ALL, CML cell lines and primary Ph+ acute lympho-
blastic leukemic blasts. More importantly, ribavirin, combined with imatinib, exerted a strong
synergistic anti-leukemic role in Ph+ ALL. So we assume ribavirin combining with imatinib
maybe a novel therapy to Ph+ ALL.

Supporting Information
S1 Fig. Ribavirin inhibited the proliferation of K562 cells in a dose-dependent and time-
dependent manner. K562 cells were treated with 0, 10, 50, 100μM ribavirin for 72h and
100μM for 96h. Cell proliferation was assessed by the MTT assay and cell survival rates were
presented.
(TIF)

S2 Fig. Ribavirin inhibited the signaling pathways of mTOR/eIF4E and MEK/ERK/Mnk1/
eIF4E in K562 cells. A. The K562 cells were incubated with 100μM ribavirin for 24, 48, 72h,
and the expression of mTOR/eIF4E signaling pathway was detected by western bolt analysis. B.
The K562 cells were treated with a series of concentrations of ribavirin (0, 50, 100, 150μM) for
48h, and the proteins expression of mTOR/eIF4E signaling pathway and Mcl-1 were detected
by western bolt analysis. C. The expression of mTOR/eIF4E signaling pathway and Mcl-1 in
K562 cells after treated with ribavirin (100μM), imatinib (0.2μM) alone, or 100μM ribavirin
plus 0.2μM imatinib for 48h. D. The expression of MEK/ERK/Mnk1/eIF4E signaling pathway
and Mcl-1 in K562 cells was detected after treated with ribavirin (100μM), imatinib (0.2μM)
alone, or 100μM ribavirin plus 0.2μM imatinib for 48h.
(TIF)
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S3 Fig. The effect of ribavirin, imatinib on the expression of Mcl-1 mRNA and protein in
SUP-B15 and K562 cell lines. A. The expression level of Mcl-1 mRNA in SUP-B15 cells was
detected by real-time quantitative PCR after incubated with ribavirin (30μM), imatinib (1μM),
and ribavirin (30μM) plus imatinib (1μM) for 48h. B. The expression level of Mcl-1 protein in
SUP-B15 was detected by Western Blots after incubated with ribavirin (30μM), imatinib
(1μM), and ribavirin (30μM) plus imatinib (1μM) for 48h. The indicated relative density of
Mcl-1 to GAPDH in single blot measured by QUANTITY ONE software (Version 4.6.2) was
shown below the figures. C. The expression level of Mcl-1 mRNA in K562 was detected by
real-time quantitative PCR after incubated with ribavirin (100μM), imatinib (0.2μM), and riba-
virin (100μM) plus imatinib (0.2μM) for 48h. D. The expression level of Mcl-1 protein in K562
was detected by western blots after incubation with ribavirin (100μM), imatinib (0.2μM), and
ribavirin (100μM) plus imatinib (0.2μM) for 48h. The indicated relative density of Mcl-1 to
GAPDH was shown.
(TIF)

S4 Fig. The effect of ribavirin on the mTOR/eIF4E, ERK signaling pathways in CML and
Ph- ALL primary blasts. The primary leukemia blasts were treated with 10μM imatinib,
500μM ribavirin, or combination, and the whole cell lysate was analyzed by western blot with
the indicated antibodies, PBS was used as a negative control. A. The expression of mTOR/
eIF4E signaling pathway and p-ERK in one of CML blast crisis patient was shown. B. The
expression of mTOR/eIF4E signaling pathway in one patient of Ph- ALL primary blasts.
(TIF)

Author Contributions
Conceived and designed the experiments: FS YL YG. Performed the experiments: FS DN TY
RS. Analyzed the data: FS YL. Contributed reagents/materials/analysis tools: YL YG. Wrote the
paper: FS YL YG XY.

References
1. Pettersson F, Yau C, Dobocan MC, Culjkovic-Kraljacic B, Retrouvey H, Puckett R, et al. Ribavirin treat-

ment effects on breast cancers overexpressing eIF4E, a biomarker with prognostic specificity for lumi-
nal B-type breast cancer. Clin Cancer Res 2011; 17(9):2874–84. doi: 10.1158/1078-0432.CCR-10-
2334 PMID: 21415224

2. Graff JR, Konicek BW, Lynch RL, Dumstorf CA, Dowless MS, McNulty AM, et al. eIF4E activation is
commonly elevated in advanced human prostate cancers and significantly related to reduced patient
survival. Cancer Res 2009; 69(9):3866–73. doi: 10.1158/0008-5472.CAN-08-3472 PMID: 19383915

3. Assouline S, Culjkovic B, Cocolakis E, Rousseau C, Beslu N, Amri A, et al. Molecular targeting of the
oncogene eIF4E in acute myeloid leukemia (AML): a proof-of-principle clinical trial with ribavirin. Blood
2009; 114(2):257–60. doi: 10.1182/blood-2009-02-205153 PMID: 19433856

4. Kentsis A, Topisirovic I, Culjkovic B, Shao L, Borden KL. Ribavirin suppresses eIF4E-mediated onco-
genic transformation by physical mimicry of the 7-methyl guanosine mRNA cap. Proc Natl Acad Sci U S
A 2004; 101(52):18105–10. PMID: 15601771

5. Muta D, Makino K, Nakamura H, Yano S, Kudo M, Kuratsu J. Inhibition of eIF4E phosphorylation
reduces cell growth and proliferation in primary central nervous system lymphoma cells. J Neurooncol
2011; 101(1):33–9. doi: 10.1007/s11060-010-0233-6 PMID: 20499137

6. Hsieh AC, Ruggero D. Targeting eukaryotic translation initiation factor 4E (eIF4E) in cancer. Clin Can-
cer Res 2010; 16(20):4914–20. doi: 10.1158/1078-0432.CCR-10-0433 PMID: 20702611

7. Sonenberg N, Hinnebusch AG. Regulation of translation initiation in eukaryotes: mechanisms and bio-
logical targets. Cell 2009; 136(4):731–45. doi: 10.1016/j.cell.2009.01.042 PMID: 19239892

8. Silva RL, Wendel HG. MNK, EIF4E and targeting translation for therapy. Cell Cycle 2008; 7(5):553–5.
PMID: 18256539

The Anti-Leukemia Roles of Ribavirin

PLOS ONE | DOI:10.1371/journal.pone.0136746 August 28, 2015 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136746.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136746.s004
http://dx.doi.org/10.1158/1078-0432.CCR-10-2334
http://dx.doi.org/10.1158/1078-0432.CCR-10-2334
http://www.ncbi.nlm.nih.gov/pubmed/21415224
http://dx.doi.org/10.1158/0008-5472.CAN-08-3472
http://www.ncbi.nlm.nih.gov/pubmed/19383915
http://dx.doi.org/10.1182/blood-2009-02-205153
http://www.ncbi.nlm.nih.gov/pubmed/19433856
http://www.ncbi.nlm.nih.gov/pubmed/15601771
http://dx.doi.org/10.1007/s11060-010-0233-6
http://www.ncbi.nlm.nih.gov/pubmed/20499137
http://dx.doi.org/10.1158/1078-0432.CCR-10-0433
http://www.ncbi.nlm.nih.gov/pubmed/20702611
http://dx.doi.org/10.1016/j.cell.2009.01.042
http://www.ncbi.nlm.nih.gov/pubmed/19239892
http://www.ncbi.nlm.nih.gov/pubmed/18256539


9. Hay N. Mnk earmarks eIF4E for cancer therapy. Proc Natl Acad Sci U S A 2010; 107(32):13975–6. doi:
10.1073/pnas.1008908107 PMID: 20679238

10. Wendel HG, Silva RL, Malina A, Mills JR, Zhu H, Ueda T, et al. Dissecting eIF4E action in tumorigene-
sis. Genes Dev 2007; 21(24):3232–7. PMID: 18055695

11. Kraljacic BC, Arguello M, Amri A, Cormack G, Borden K. Inhibition of eIF4E with ribavirin cooperates
with common chemotherapies in primary acute myeloid leukemia specimens. Leukemia 2011; 25
(7):1197–200. doi: 10.1038/leu.2011.57 PMID: 21455212

12. Tan K, Culjkovic B, Amri A, Borden KL. Ribavirin targets eIF4E dependent Akt survival signaling. Bio-
chem Biophys Res Commun 2008; 375(3):341–5. doi: 10.1016/j.bbrc.2008.07.163 PMID: 18706892

13. Culjkovic B, Tan K, Orolicki S, Amri A, Meloche S, Borden KL. The eIF4E RNA regulon promotes the
Akt signaling pathway. J Cell Biol 2008; 181(1):51–63. doi: 10.1083/jcb.200707018 PMID: 18391071

14. Kentsis A, Volpon L, Topisirovic I, Soll CE, Culjkovic B, Shao L, et al. Further evidence that ribavirin
interacts with eIF4E. RNA 2005; 11(12):1762–6. PMID: 16251386

15. Kökény S, Papp J, Weber G, Vaszkó T, Carmona-Saez P, Oláh E. Ribavirin acts via multiple pathways
in inhibition of leukemic cell proliferation. Anticancer Res 2009; 29(6):1971–80. PMID: 19528454

16. Li S, Ilaria RL Jr, Million RP, Daley GQ, Van Etten RA. The P190, P210, and P230 forms of the BCR/
ABL oncogene induce a similar chronic myeloid leukemia-like syndrome in mice but have different lym-
phoid leukemogenic activity. J Exp Med 1999; 189(9):1399–412. PMID: 10224280

17. Druker BJ. Translation of the Philadelphia chromosome into therapy for CML. Blood 2008; 112
(13):4808–17. doi: 10.1182/blood-2008-07-077958 PMID: 19064740

18. Labarthe A, Rousselot P, Huguet-Rigal F, Delabesse E, Witz F, Maury S, et al. Imatinib combined with
induction or consolidation chemotherapy in patients with de novo Philadelphia chromosome-positive
acute lymphoblastic leukemia: results of the GRAAPH-2003 study. Blood 2007; 109(4):1408–13.
PMID: 17062730

19. Yanada M, Takeuchi J, Sugiura I, Akiyama H, Usui N, Yagasaki F, et al. High complete remission rate
and promising outcome by combination of imatinib and chemotherapy for newly diagnosed BCR-ABL-
positive acute lymphoblastic leukemia: a phase II study by the Japan Adult Leukemia Study GroupJ.
Clin Oncol 2006; 24(3):460–6.

20. Fielding AK. Current treatment of Philadelphia chromosome-positive acute lymphoblastic leukemia.
Hematology Am Soc Hematol Educ Program 2011; 2011:231–7. doi: 10.1182/asheducation-2011.1.
231 PMID: 22160039

21. Lee HJ, Thompson JE, Wang ES, Wetzler M. Philadelphia chromosome-positive acute lymphoblastic
leukemia: current treatment and future perspectives. Cancer 2011; 117(8):1583–94. doi: 10.1002/cncr.
25690 PMID: 21472706

22. Shi F, Yang X, Gong Y, Shi R, Yang X, Naren D, et al. The antileukemia roles of PP242 alone or in com-
bination with daunorubicin in acute leukemia. Anticancer Drugs. 2015 Apr; 26(4):410–21. doi: 10.1097/
CAD.0000000000000200 PMID: 25535978

23. Prabhu S, Saadat D, Zhang M, Halbur L, Fruehauf JP, Ong ST. A novel mechanism for Bcr-Abl action:
Bcr-Abl-mediated induction of the eIF4F translation initiation complex and mRNA translation. Oncogen
2007; 26(8):1188–200.

24. Zhou YP. The calculation of ID50 in new drugs with software SPSS. Prog Pharm Sci 2003; 27(5):314–
316.

25. Guo Y, Shan Q, Gong Y, Lin J, Yang X, Zhou R. Oridonin in combination with imatinib exerts synergetic
anti-leukemia effect in Ph+ acute lymphoblastic leukemia cells in vitro by inhibiting activation of LYN/
mTOR signaling pathway. Cancer Biol Ther 2012; 13(13):1244–54. doi: 10.4161/cbt.21460 PMID:
22895079

26. Meng H, Jin Y, Liu H, You L, Yang C, Yang X, et al. SNS-032 inhibits mTORC1/mTORC2 activity in
acute myeloid leukemia cells and has synergistic activity with perifosine against Akt. J Hematol Oncol
2013; 6:18. doi: 10.1186/1756-8722-6-18 PMID: 23415012

27. Tamburini J, Green AS, Bardet V, Chapuis N, Park S, Willems L, et al. Protein synthesis is resistant to
rapamycin and constitutes a promising therapeutic target in acute myeloid leukemia. Blood 2009; 114
(8):1618–27. doi: 10.1182/blood-2008-10-184515 PMID: 19458359

28. Zhang M, FuW, Prabhu S, Moore JC, Ko J, Kim JW, et al. Inhibition of polysome assembly enhances
imatinib activity against chronic myelogenous leukemia and overcomes imatinib resistance. Mol Cell
Biol 2008; 28(20):6496–509. doi: 10.1128/MCB.00477-08 PMID: 18694961

29. Goetz C, Everson RG, Zhang LC, Gromeier M. MAPK signal-integrating kinase controls cap-indepen-
dent translation and cell type-specific cytotoxicity of an oncolytic poliovirus. Mol Ther 2010; 18
(11):1937–46. doi: 10.1038/mt.2010.145 PMID: 20648000

The Anti-Leukemia Roles of Ribavirin

PLOS ONE | DOI:10.1371/journal.pone.0136746 August 28, 2015 15 / 16

http://dx.doi.org/10.1073/pnas.1008908107
http://www.ncbi.nlm.nih.gov/pubmed/20679238
http://www.ncbi.nlm.nih.gov/pubmed/18055695
http://dx.doi.org/10.1038/leu.2011.57
http://www.ncbi.nlm.nih.gov/pubmed/21455212
http://dx.doi.org/10.1016/j.bbrc.2008.07.163
http://www.ncbi.nlm.nih.gov/pubmed/18706892
http://dx.doi.org/10.1083/jcb.200707018
http://www.ncbi.nlm.nih.gov/pubmed/18391071
http://www.ncbi.nlm.nih.gov/pubmed/16251386
http://www.ncbi.nlm.nih.gov/pubmed/19528454
http://www.ncbi.nlm.nih.gov/pubmed/10224280
http://dx.doi.org/10.1182/blood-2008-07-077958
http://www.ncbi.nlm.nih.gov/pubmed/19064740
http://www.ncbi.nlm.nih.gov/pubmed/17062730
http://dx.doi.org/10.1182/asheducation-2011.1.231
http://dx.doi.org/10.1182/asheducation-2011.1.231
http://www.ncbi.nlm.nih.gov/pubmed/22160039
http://dx.doi.org/10.1002/cncr.25690
http://dx.doi.org/10.1002/cncr.25690
http://www.ncbi.nlm.nih.gov/pubmed/21472706
http://dx.doi.org/10.1097/CAD.0000000000000200
http://dx.doi.org/10.1097/CAD.0000000000000200
http://www.ncbi.nlm.nih.gov/pubmed/25535978
http://dx.doi.org/10.4161/cbt.21460
http://www.ncbi.nlm.nih.gov/pubmed/22895079
http://dx.doi.org/10.1186/1756-8722-6-18
http://www.ncbi.nlm.nih.gov/pubmed/23415012
http://dx.doi.org/10.1182/blood-2008-10-184515
http://www.ncbi.nlm.nih.gov/pubmed/19458359
http://dx.doi.org/10.1128/MCB.00477-08
http://www.ncbi.nlm.nih.gov/pubmed/18694961
http://dx.doi.org/10.1038/mt.2010.145
http://www.ncbi.nlm.nih.gov/pubmed/20648000


30. Messina V, Di Sauro A, Pedrotti S, Adesso L, Latina A, Geremia R, et al. Differential contribution of the
MTOR and MNK pathways to the regulation of mRNA translation in meiotic and postmeiotic mouse
male germ cells. Biol Reprod 2010; 83(4):607–15. doi: 10.1095/biolreprod.110.085050 PMID:
20574055

31. Coloff JL, Macintyre AN, Nichols AG, Liu T, Gallo CA, Plas DR, et al. Akt-dependent glucose metabo-
lism promotes Mcl-1 synthesis to maintain cell survival and resistance to Bcl-2 inhibition. Cancer Res
2011; 71(15):5204–13. doi: 10.1158/0008-5472.CAN-10-4531 PMID: 21670080

32. Zhao Y, Coloff JL, Ferguson EC, Jacobs SR, Cui K, Rathmell JC. Glucose metabolism attenuates p53
and Puma-dependent cell death upon growth factor deprivation. J Biol Chem 2008; 283(52):36344–53.
doi: 10.1074/jbc.M803580200 PMID: 18990690

The Anti-Leukemia Roles of Ribavirin

PLOS ONE | DOI:10.1371/journal.pone.0136746 August 28, 2015 16 / 16

http://dx.doi.org/10.1095/biolreprod.110.085050
http://www.ncbi.nlm.nih.gov/pubmed/20574055
http://dx.doi.org/10.1158/0008-5472.CAN-10-4531
http://www.ncbi.nlm.nih.gov/pubmed/21670080
http://dx.doi.org/10.1074/jbc.M803580200
http://www.ncbi.nlm.nih.gov/pubmed/18990690

