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Introduction

Esophageal cancer is one of the most common forms of 
cancer worldwide, and its prevalence has increased in recent 
years. Despite substantial advances in diagnostics and 
therapeutics, the clinical management of esophageal cancer 
is still challenging, with a 5-year survival rate of less than 
25% (1). The molecular mechanisms leading to esophageal 

cancer progression are complex and not well known. A clear 
understanding of the molecular pathogenesis of esophageal 
cancer is required for the development of novel targeted 
therapies.

Eukaryotic translation initiation factor 4E (eIF4E) is a 
eukaryotic translation initiation factor. One of its functions 
involves guiding ribosomes to the 5' cap structure of 
mRNAs and thus is critical in cap-dependent translation 
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(2,3). Importantly, eIF4E phosphorylation does not alter 
global translation rates, and mice developed normally 
in the absence of phosphorylated eIF4E (4). eIF4E also 
preferentially promotes the translation of carcinogenesis-
associated mRNAs, such as c-Myc and vascular endothelial 
growth factor (VEGF), which contributes to the aberrant 
proliferation and survival of cancer cells (3,5-7). Aberrant 
eIF4E activation and overexpression is common and 
correlates with a poorer prognosis in various cancers, 
including leukemia, ovarian cancer, and hepatocellular 
carcinoma (8-10). In addition, eIF4E has been shown to 
play a critical role in tumor transformation, progression, 
and metastasis, and its activity is upregulated in cancer cells 
in response to chemo- or radiotherapy (11-14). Therapeutic 
suppression of eIF4E reduces tumor cell growth without 
toxicity (15). Ribavirin is an FDA-approved antiviral drug 
with documented activity against eIF4E and is effective in 
targeting various types of cancer (3,16,17). In patients with 
esophageal cancer, eIF4E expression is increased in the 
cancerous compared to noncancerous esophageal tissues and 
its higher expression is correlated with the more advanced 
stages of the disease (18). However, the possible roles of 
eIF4E in esophageal cancer are largely unknown.

In this study, we compared eIF4E expression in 
esophageal cancer cell lines and normal esophageal 
epithelial cell lines, and investigated the roles of eIF4E in 
esophageal cancer. We demonstrate that eIF4E mRNA and 
protein levels are elevated in esophageal cancer cells. eIF4E 
inhibition significantly reduces esophageal cancer cell 
growth and survival, and sensitizes the cells to 5-flurouracil 
(5-FU) treatment.

Methods

Cells and reagents

Four human esophageal carcinoma cell lines were obtained 
from Sigma (USA) and cultured in RPMI 1640 medium 
supplemented with 2 mM glutamine and 10% fetal bovine 
serum. Immortalized normal human esophageal epithelial 
cell lines NE2-hTERT (Abm, USA) and HTA-1A (ATCC, 
USA) were cultured in a 1:1 ratio of Defined Keratinocyte-
SFM (DKSFM, Gibco, #10744-019) and Epilife medium 
(Cascade Biologics, #M-EPI-500-CA) with Epilife Defined 
Growth Supplement (Cascade Biologics, #S-012-5). 
Ribavirin (Kemprotec Ltd.) and 5-FU (Sigma, USA) were 
reconstituted in water and DMSO, respectively, and stored 
at −20 ℃ in aliquots.

In vitro assays for cell proliferation and viability

Cell proliferation was assessed by using the CellTiter® One 
Solution Cell Proliferation Assay (Promega, USA). Cell 
viability was determined via flow cytometry using Annexin 
V-FITC/7-AAD (BD Pharmingen, US) staining. Annexin 
V(-)/7-AAD(-) were considered as viable cells. The specific 
conditions for each experiment are described in the figure 
legends.

Denaturing sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and western blot (WB) 
analyses

Four percent SDS was used to lyse cells and the total 
protein content was quantified by bicinchoninic acid 
protein assay kit (Thermo Scientific, USA). Proteins were 
resolved using denaturing SDS-PAGE and analyzed by 
WB using antibodies against phosphorylated and total 
eIF4E, Akt, mTOR, β-catenin, VEGF, c-Myc and β-actin 
(Santa Cruz Biotechnology, USA). Immunoblots shown 
in the accompanying figures are representative of three 
independent experiments.

Transfection

OE33 stable cell lines overexpressing wildtype eIF4E and 
its mutant forms (S209A and S209D) were generated by 
transducing cells with retroviral MSCV-internal ribosome 
entry site (IRES) constructs containing eIF4E WT, 
S209D, and S209A, as previously described (19). Specific 
knockdown of eIF4E was achieved by transfecting cells 
with eIF4E siRNA (100 nM) with Lipofectamine TM 2000 
and OptiMEM (Invitrogen, US) as per the manufacturer’s 
protocol. eIF4E siRNA and plasmids were obtained from 
Dr. Cui Sha’s laboratory (20) as kind gifts.

Real-time PCR

Total RNA and cDNA preparation were carried out using 
TRIzol (Invitrogen, USA) and iScript cDNA Synthesis Kit 
(Bio-rad, CA, USA), respectively, as per the manufacturer’s 
protocol. The human eIF4E  RNA was detected by 
quantitative real-time PCR using the prepared cDNA as 
a template. The eIF4E primer sequences were: forward 
primer, 5'-TGGCGACTG TCGAACCG-3' and reverse 
primer, 5'-AGATTCCGTTTTCTCCTCTTCTGT
AG-3'.
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Esophageal carcinoma xenograft and 
immunohistochemistry in SCID mice

The animal experiments were approved by the Institutional 
Animal Care and Use Committee of Hubei Cancer 
Hospital. Athymic mice at 6 weeks-old were purchased 
from Biocytogen Inc, China. OC33 cells (5×106) were 
subcutaneously injected into the right flank of the mouse. 
When the tumor volume (calculated as length × length × 
width/2) reached ~100 mm3, the mice were randomized 
into four groups receiving vehicle control, intraperitoneal 
0.5 mg/kg 5-FU three times a week, oral 30 mg/kg ribavirin 
once daily, or a combination of both for 21 days. After 
treatment, mice were euthanized and tumors were isolated. 
The tumors were fixed in 4% paraformaldehyde (PFA, 
Sigma Aldrich, USA) and sectioned. Apoptotic tumor cells 
were assessed using the TUNEL Assay Kit (R&D System, 
USA) and proliferating cells were labeled by a PCNA 
antibody as per manufacturer’s protocol. The nuclei were 
counterstained with haematoxylin (Sigma).

Statistical analyses

Data are expressed as mean ± standard deviation (SD). 
Statistical analyses of the differences between two groups 
were performed using the one-way analysis of variance 
(ANOVA) and subsequently by the unpaired Student’s t-test. 
P values <0.05 were considered statistically significant.

Results

eIF4E is involved in growth, survival, and chemoresistance 
of esophageal cancer cells

eIF4E levels are elevated in cancerous esophageal tissues 
as compared to normal adjacent tissues (18). Similar to 
that observed in patient samples, we show that the level of 
eIF4E mRNA is significantly higher in a panel of esophageal 
cancer cell lines (OE33, ESO26, FLO-1, and KYAE-1) 
than immortalized normal esophageal epithelial cell lines 
(NE2-hTERT and HTA-1A) (Figure 1A). The selected 
esophageal cancer cell lines have been verified and represent 
human esophageal cancer cells (21). Furthermore, we show 
here that eIF4E protein levels are significantly higher in 
esophageal cancer cells than in their normal counterparts 
(Figure 1B). Our results are consistent with previous 
findings and demonstrate that esophageal cancer cell lines 
are a representative in vitro model of esophageal cancer with 
respect to their eIF4E expression.

We next investigated how eIF4E loss-of-function would 
affect the biological activities of esophageal cancer cells. In 
the eIF4E functional studies, we selected OE33 and FLO-
1 cell lines as they represent the cells with the highest and 
lowest expression levels of eIF4E, respectively (Figure 1A,B).  
We demonstrated the remarkable reduction of eIF4E 
protein level in esophageal cancer cells transfected with 
specific eIF4E siRNA but not control siRNA (Figure 1C). 
eIF4E depletion significantly inhibited the growth and 
survival of esophageal cancer cells (Figure 1D,E). Notably, 
OE33 cells, which have high eIF4E levels, are significantly 
more sensitive to eIF4E depletion as compared to FLO-1 
cells, which have low eIF4E levels (Figure 1D,E). In addition, 
eIF4E depletion significantly augments the inhibitory effects 
of 5-FU (a commonly used chemotherapeutic agent for 
esophageal cancer) on the growth and survival of esophageal 
cancer cells (Figure 1D,E).

Ribavirin mimics the effects of eIF4E depletion in 
esophageal cancer cells.

We next inhibited eIF4E using pharmacological inhibitor 
ribavirin. We treated cells with ribavirin at 10, 25 and 50 µM  
which are effective concentrations demonstrated in 
other cancers, such as retinoblastoma and glioblastoma 
(17,20). We found that ribavirin significantly inhibited 
proliferation and decreased viability of esophageal cancer 
cells in a dose-dependent manner (Figure 2A,B). Similar 
to eIF4E depletion, OE33 cells were more sensitive to 
ribavirin treatment than FLO-1 (Figure 2A,B). We next 
performed combination studies using ribavirin and standard 
chemotherapeutic drug 5-FU using a concentration that 
was sublethal as a single drug. We found that combination 
of ribavirin and 5-FU was significantly more effective in 
targeting esophageal cancer cells compared to ribavirin or 
5-FU alone (Figure 2C,D). Almost full inhibition of growth 
and survival of cells were achieved by the combination.

Ribavirin acts on esophageal cancer cells through 
inhibiting Akt/mTOR/eIF4E

To confirm that the molecular mechanism of ribavirin’s 
action on esophageal cancer cells was through eIF4E 
suppression, we analyzed the levels of active eIF4E and 
its translationally regulated proteins. We observed a dose-
dependent decrease on p-eIF4E and its regulated protein 
c-Myc and VEGF levels in OE33 cells (Figure 3A). We 
also observed the decreased levels on p-Akt, p-mTOR and 
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Figure 1 eIF4E is upregulated in esophageal carcinoma cells. mRNA (A) and protein (B) levels of eIF4E are significantly higher in 
esophageal carcinoma cell lines OE33, ESO26, FLO-1 and KYAE-1 than in immortalized normal esophageal epithelial cell lines NE2-
hTERT and HTA-1A. (C) Knockdown of eIF4E using siRNA effectively decrease eIF4E protein levels in OE33 and FLO-1 cells. Cells 
are lysed for WB analyses at 48 hr post-transfection. eIF4E knockdown significantly inhibits proliferation (D) and decreases viability (E) 
of OE33 and FLO-1 cells, and enhances the inhibitory effects of 5-FU (5 nM). Proliferation and viability are determined after 72 h drug 
treatment. *P<0.05, compared to control or 5-FU.
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but not p-β-catenin (Figure 3A), indicating the specific 
inhibition of ribavirin on Akt/mTOR/eIF4E signaling 
pathway in esophageal cancer. Overexpressing wildtype 
and phosphor-mimetic form (S209D) of eIF4E (22) but 
not nonphosphorylatable form (S209A) significantly 
abolished the inhibitory effects of ribavirin on growth 
and survival (Figure 3B,C). This clearly demonstrated that 
ribavirin inhibited eIF4E in esophageal cancer, and this was 
dependent on the phosphorylation at S209.

Ribavirin augments 5-FU’s inhibitory effects in esophageal 
cancer in vivo

We further investigated the effects of eIF4E inhibition in 
vivo and the translational potential of ribavirin in the well-
established xenograft esophageal cancer mouse model of 

athymic mice and OE33 cells (23). Mice tolerated 30 mg/kg  
ribavirin and 0.5 mg/kg 5-FU very well, as no significant 
weight loss or abnormal appearance was registered  
(Figure 4A). We observed that ribavirin or 5-FU as a single 
drug modestly inhibited tumor growth, but the tumors 
continued to increase in size (Figure 4B). However, when 
the drugs were used in combination, we observed tumor 
growth arrest throughout the duration of treatment. To 
investigate whether the growth inhibition was due to 
decreased cell growth and increased cell death, as observed 
in the cell culture study, we performed PCNA and TUNEL 
staining on tumor tissues. Consistent with the data obtained 
from the cell culture system, we observed less proliferation 
and more apoptotic cells in the combination group  
(Figure 4C), which confirmed the enhanced efficacy of using 
5-FU and ribavirin for inhibiting esophageal cancer cell 
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proliferation and inducing apoptosis.

Discussion

Neoadjuvant chemotherapy using 5-FU-based regimes is 
used for patients with advanced esophageal cancer (24).  
However, patients easily develop resistance to chemotherapy 
and usually relapse within a year (25). Furthermore, the 
mechanisms underlying the persistence of esophageal 
cancer cells in patients receiving chemotherapy are not 
well understood. Thus, a better understanding of the 
specific drivers of esophageal cancer is important to the 
development of more effective and less toxic therapeutic 
strategies to overcome this resistance. eIF4E is aberrantly 
activated in a variety of cancers and preferentially 
contributes to tumor progression and protects tumor cells 
from chemotherapy (11-14). eIF4E has been shown to be 
upregulated in esophageal cancer tissues and its expression 
is associated with poor prognosis (18). However, little 
is known on how eIF4E facilitates esophageal cancer 
growth and chemoresistance. In this work, we are the 

first to provide preclinical evidence to demonstrate that 
eIF4E is critically involved in the growth, survival, and 
chemotherapeutic resistance of esophageal cancer cell lines 
and xenograft mouse model tumors.

Our study demonstrated that the eIF4E mRNA and 
protein levels were higher in a panel of esophageal cancer 
cell lines as compared to immortalized normal epithelial 
cell lines (Figure 1A,B), and this was consistent with that 
observed in human esophageal cancer tissues and adjacent 
normal tissues (18). This directly supports the work by 
Salehi et al. (18) and indicates that esophageal cancer 
cell lines used in our study are in vitro models that well 
represent the in vivo disease. In addition, eIF4E expression 
level varies among the four esophageal cancer cell lines 
with the highest expression being present in OE33 and the 
lowest in FLO-1. This is also in agreement with Salehi and 
colleagues (18) who demonstrated that eIF4E level varies 
in esophageal cancer specimens. Our findings suggest that 
esophageal cancer patients with different eIF4E expression 
levels might respond differently to therapeutic eIF4E 
inhibition.

Figure 2 Ribavirin is active against esophageal carcinoma cells and augments the inhibitory effects of 5-FU in vitro. Ribavirin at 10, 25, and 
50 µM significantly inhibits proliferation (A) and decreases viability (B) of OE33 and FLO-1 cells. Combination of ribavirin (10 µM) and 5-FU 
(5 nM) are more effective in inhibiting proliferation (C) and decreasing viability (D) in esophageal carcinoma cells. *P<0.05, compared to 
control or 5-FU.
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eIF4E inhibition using the pharmacological inhibitor 
ribavirin (26-28) and eIF4E knockdown using inhibitory 
RNA significantly suppresses the growth and survival of 
esophageal cancer cells, and augments 5-FU’s efficacy 
(Figures 1C,D,E,2). Notably, OE33 cells are more sensitive 
to eIF4E depletion but not 5-FU treatment than FLO-
1 cells. The different sensitivity to eIF4E inhibition in 
esophageal cancer cell lines correlates well with their 
expression levels and dependence on eIF4E (Figure 1). The 
positive roles of eIF4E in growth, survival, and metastasis 
have been shown in various cancers, including renal cell 
carcinoma, retinoblastoma, and leukemia (16,20,29). 
Our work adds esophageal cancer onto the list of eIF4E-
regulated cancers.

A key finding in this study is that we identified ribavirin 
as an eIF4E inhibitor, which is also an FDA-approved 

antiviral drug with a known pharmacological profile and is 
effective against esophageal cells at a clinically achievable 
dose (30). We further demonstrate that ribavirin acts on 
esophageal cancer cells through suppressing the Akt/
mTOR/eIF4E pathway (Figure 3). The potent and selective 
anti-cancer activities of ribavirin have been demonstrated in 
various cancers and the translational potential of ribavirin 
in oropharyngeal squamous cell carcinoma and metastatic 
breast cancer are under investigation (3,31-34). Although 
ribavirin is an antiviral drug that prevents viral replication 
through inhibiting viral RNA synthesis and mRNA capping, 
its potent anti-cancer activities have been recently observed 
in various cancers, such as leukemia, retinoblastoma, renal 
cancer, and tongue squamous carcinoma (16,20,35,36). The 
mechanisms of action of ribavirin on cancer vary across the 
different types of cancers, which include eIF4E inhibition, 

Figure 3 Ribavirin acts on esophageal carcinoma cells through inhibiting Akt/mTOR/eIF4E pathway. (A) Representative western blot 
(WB) photo shows decreased levels of p-Akt, p-mTOR, p-eIF4E c-Myc and VEGF in OE33 cells. Cells are treated with ribavirin for 24 h 
prior to WB analyses. Stable overexpression of eIF4E wildtype or phosphomimetic form of eIF4E (S209D) but not non-phosphorylatable 
form eIF4E (S209A) significantly abolished the effects of ribavirin in inhibiting proliferation (B) and inducing apoptosis (C) in OE33 cells. 
*P<0.05, compared to p-vector.
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mTOR signaling suppression, and the downregulation of 
the guanosine biosynthetic pathway (30,33,35,36). Notably, 
our work and many other studies (26,30,33) demonstrate 
that eIF4E inhibition is likely to be the predominant 
mechanism of action for ribavirin’s anti-cancer effects.

We further show that the combination of ribavirin 
and 5-FU at sublethal concentrations achieved almost 
complete inhibition in esophageal cancer in vitro, as well 
as in vivo, without significant toxicity (Figures 2,4). This 
demonstrates that ribavirin effectively sensitizes esophageal 
cancer cells to 5-FU, and is consistent with previous studies 
that indicate that ribavirin enhances the efficacy of other 
chemotherapeutic agents (31,32,36). We speculate that the 
enhanced efficacy of the combination of 5-FU and ribavirin 

is due to the dual inhibition of the Akt/mTOR/eIF4E 
pathway and DNA synthesis in esophageal cancer cells. Our 
results are consistent with that of Graff et al. (15), which 
showed that the suppression of eIF4E expression reduces 
tumor growth without toxicity and further demonstrates 
that eIF4E is a selective therapeutic target in cancer.

In conclusion, we used genetic and pharmacological 
methods in cell culture and xenograft models, coupled 
with mechanism studies to identify the critical involvement 
of eIF4E in esophageal cancer cell growth and survival. 
Given ribavirin’s known pharmacokinetics and toxicology in 
humans as an antiviral drug, our findings also suggest that 
ribavirin is an attractive candidate to sensitize esophageal 
cancer cell to chemotherapy.

Figure 4 Ribavirin significantly augments the inhibitory effects of 5-FU in esophageal carcinoma cells in vivo. (A) Average mouse body 
weight in different treatment groups on day 0 and 21 post-treatment; (B) combination of 5-FU and ribavirin significantly inhibit OE33 
tumor growth in mice; (C) representative immunohistochemistry photos (200×) show significantly decreased number of proliferating (labeled 
with PCNA) and increased number of apoptotic (labeled with TUNEL) tumor cells in combination compared to 5-FU or ribavirin alone. 
Ribavirin at 50 mg/kg and 5-FU at 0.5 mg/kg are used in in vivo esophageal xenograft mouse model established using OE33 cells. *P<0.05, 
compared to single arm alone.
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