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Abstract
The eukaryotic translation initiation factor eIF4E is dysregulated in many cancers. eIF4E, through
its mRNA export and translation functions, combinatorially modulates the expression of genes
involved in Akt dependent survival signaling. For these activities, eIF4E must bind the 7-methyl
guanosine (m7G) cap moiety on the 5’end of mRNAs. We demonstrate that a physical mimic of the
m7G cap, ribavirin, inhibits eIF4E dependent Akt survival signaling. Specifically, ribavirin impairs
eIF4E mediated Akt activation via inhibiting the production of an upstream activator of Akt, NBS1.
Consequently, ribavirin impairs eIF4E dependent apoptotic rescue. A ribavirin analogue with distinct
physico-chemical properties, tiazofurin, does not impair eIF4E activity indicating that only analogues
that mimic the m7G cap will inhibit eIF4E function. Ribavirin represents a first-in-class strategy to
inhibit eIF4E dependent cancers, through competition for m7G cap binding. Thus, ribavirin
coordinately impairs eIF4E dependent pathways and thereby, potently inhibits its biological effects.
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Introduction
The eukaryotic translation initiation factor, eIF4E, is highly elevated in many cancers, and even
moderate overexpression leads to cellular transformation, and tumorigenesis in mouse models
[1–4]. eIF4E is found in both the nucleus and cytoplasm, functioning in mRNA export and
translation initiation respectively. Both activities require eIF4E to bind the 7-methyl guanosine
cap (m7G) found on the 5’ end of mRNAs [5]. Significantly, eIF4E does not affect mRNA
export or translation of all transcripts to the same extent. For instance, eIF4E overexpression
does not affect mRNA export or translational efficiency of GAPDH [5–8]. Importantly, eIF4E
requires cap-binding, mRNA export, and translation activities for its oncogenic potential [1,
5,8–10].

Recent findings indicate that eIF4E acts as a network node in an RNA regulon governing
proliferation and survival signaling [10,11]. The RNA regulon model describes how eukaryotic
gene expression can be coordinately and combinatorially controlled through untranslated
sequence elements for regulation (USER) codes, sensitizing them to specific levels of
regulation [12]. For instance, RNAs sensitive to eIF4E at the mRNA export level contain a
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~50 nucleotide region in the 3’ UTR known as the eIF4E sensitivity element (4E-SE) [5,11].
Thus, any set of RNAs containing the 4E-SE can be coordinately exported to the cytoplasm
by eIF4E, increasing cytoplasmic levels of these mRNAs and thus increased protein
production. Similarly, mRNAs can contain a USER code in their 5’UTR for translational
regulation [1,5,7]. These elements are not exclusive, for instance c-myc and ornithine
decarboxylase expression are enhanced both by increasing their mRNA in the cytoplasm, and
by loading that mRNA onto heavier (more efficient) polysomes [6]. Hence a given transcript
can be sensitive to eIF4E at either one or both levels depending on its complement of USER
codes.

An example of the central position eIF4E plays in its RNA regulon is its ability to coordinately
enhance Akt survival signaling at two distinct levels [10]. First, eIF4E overexpression leads
to enhanced Akt activation via upregulation of an activator of Akt, Nijmegen breakage
syndrome 1 protein (NBS1) [10,13]. Second, eIF4E, via its mRNA export and in some cases
its translation activity, coordinately upregulates the expression of downstream effectors of Akt
including cyclins B1, E1, D1, c-myc and MDM2 [11]. This two-tier effect likely explains the
potent transforming effects of eIF4E, and underlies its position as a central node in this RNA
regulon [10,11].

Elevated eIF4E levels observed in several cancers suggest it is an important therapeutic target.
However, initial concern with this strategy arose because eIF4E is required for cell survival.
Yet studies of primary acute myeloid leukemia (AML) specimens with elevated levels of eIF4E
(French-American-British (FAB) subtype M4/M5 AML) suggested that these cells developed
an oncogene addiction to eIF4E [14,15]. The proliferation of these specimens was more
sensitive to eIF4E inhibition than normals or those derived from unrelated leukemias. Two
recent studies using a mouse model of prostate cancer and human breast carcinoma cells support
the idea of oncogene addiction to eIF4E [2,3].

A clear means to impair eIF4E activity is to inhibit cap binding. Previous studies indicate that
ribavirin (1-β-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) acts as a physical mimic of the
m7G cap and subsequently, inhibits eIF4E activity [15]. Both the m7G cap and ribavirin are
positively charged at physiological pH, allowing these compounds to intercalate between two
tryptophans in the cap-binding site of eIF4E [15,16]. Ribavirin directly binds eIF4E and
competes for m7G cap binding as observed by mass spectrometry, fluorescence, cap-
competition chromatography and NMR as well as competition experiments in cells [15,16].
Ribavirin treatment represses transformation in cancer models characterized by dysregulated
eIF4E, including growth of M4/M5 AML primary patient specimens, xenograft mouse models
of head and neck squamous cell carcinomas, and mouse models of metastatic disease [15,17].
Ribavirin treatment is currently being tested in a phase I/II clinical trial for its efficacy in
treating refractory M4/M5 AML, as a model of eIF4E dysregulated cancer
(www.ribatrial.com). Thus, ribavirin is the first clinical intervention implemented for targeting
eIF4E activity in cancers characterized by elevated eIF4E [15].

Given these previous findings, we investigated whether ribavirin impaired eIF4E dependent
survival signaling, and we demonstrate that ribavirin treatment inhibits eIF4E mediated
apoptotic rescue via inhibiting the Akt pathway. Further we show that a ribavirin analogue,
tiazofurin (2-β-D-ribofuranosylthiazole-4-carboxamide) which is neutrally charged (Figure 1A)
and unable to bind eIF4E, does not impair eIF4E function. Tiazofurin and ribavirin are
considered to be functionally analogous compounds; however, our results suggest that in low
micromolar range, they have distinct effects. Taken together, our studies demonstrate that
ribavirin has network-wide effects suggesting strategies developed to target the eIF4E RNA
regulon will be therapeutically valuable.
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Materials and Methods
Cell culture and Treatments

U-2 OS lacZ and Akt1 wildtype derived murine fibroblast cell lines were as described [10,
18]. FaDu cells were maintained in 5% CO2 at 37°C in MEM with 10% FBS, 100units/ml
penicillin G sodium and 100µg/ml streptomycin sulfate, supplemented with non-essential
amino acids (all from GibcoBRL). Ribavirin (Kemprotec Ltd) and Tiazofurin (NCI, and kind
gift from B. Mitchell, Stanford University, CA) were dissolved in PBS (GibcoBRL) at indicated
concentrations and durations. Mass spectrometry analysis indicated that ribavirin and
tiazofurin were >90% pure.

Anchorage dependent foci assays with ribavirin or tiazofurin treated FaDu cells were
performed as described [15]. Briefly, cells seeded in a 10cm plate were treated for 10 – 12
days, then stained with Giemsa according to manufacturer’s conditions (Sigma). Average foci
counts are represented graphically with errors shown from triplicates.

Apoptosis assays
Exponentially growing cell cultures were treated with ribavirin or tiazofurin for 48hrs, and
then shifted to 0.1% serum conditions for the final 20hrs. Annexin V – propidium iodide
staining and analyses, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL), and laser-scanning confocal microscopy were as described [10]. Images were
obtained using LSM510 software (Carl Zeiss, Inc) and were displayed using Photoshop CS
8.0 (Adobe).

Western analyses and Antibodies
Western analyses were performed as described [10]. Antibodies used for immunoblotting were
as follows: anti-eIF4E (BD PharMingen); anti-NBS1, anti-Akt, anti-phospho T308Akt, anti-
phospho S473Akt (all from Cell Signaling); anti-β-actin (AC-15), anti-α-tubulin (all from
Sigma); anti-cyclin D1 (Santa Cruz); and anti-Xpress (for LacZ detection; Invitrogen).

Cellular Fractionation and qPCR
Fractionation, RNA isolation, primers, and conditions used for qPCR analyses were performed
as described [10,11]. All subsequent calculations were performed using the relative standard
curve method described in Applied Biosystmes User Bulletin #2.

Results and Discussion
Ribavirin inhibits eIF4E mediated apoptotic rescue

eIF4E mediated rescue of fibroblasts from serum deprivation occurs via the Akt signaling
pathway [10]. To examine the impact of ribavirin on eIF4E dependent survival signaling, we
monitored apoptosis in serum deprived murine fibroblasts. In untreated control cells, serum
deprivation reduces viability by about two fold (80% to 40%), whilst eIF4E overexpression
leads to rescue from apoptosis (80% viable cells) as observed by both flow cytometry and
TUNEL assays (Figure 1B–C).

For ribavirin treatment, we used 1µM concentrations as this level of ribavirin is readily
achievable in patients and is not associated with significant toxicity [19]. The addition of
ribavirin impeded the rescue activity of eIF4E, with levels of apoptosis similar to the untreated
serum deprived controls (40% versus 80% viable cells) (Figure 1B). Results were confirmed
by TUNEL (Figure 1C). Note that ribavirin, at this concentration, did not significantly impact
on viability in non-serum starved controls (Figure 1B–C).
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To establish whether ribavirin inhibited eIF4E mediated apoptotic rescue via modulating Akt
signaling, Akt activation was assessed by monitoring the phosphorylation at S473Akt
and T308Akt. As shown previously, levels of Akt phosphorylation are higher in eIF4E-
overexpressing cells relative to vector controls (Figure 2A; [10]). However, ribavirin treatment
leads to a dramatic reduction in Akt phosphorylation at both of these sites with no effect on
total Akt levels (Figure 2A). Ribavirin has similar effects in vector control cells, indicating
that it also impacts on Akt signaling via endogenous eIF4E.

Ribavirin inhibits NBS1 dependent activation of the Akt pathway
Next, we determined if ribavirin inhibits Akt activation via NBS1. As observed previously,
expression of the eIF4E-sensitive mRNAs, NBS1 and cyclin D1, are increased in eIF4E-
overexpressing cells (Figure 2A; [10]). Consistent with the reduction in Akt activation, NBS1
protein levels were reduced by ribavirin treatment relative to untreated cells in both the context
of eIF4E overexpression and of endogenous eIF4E (Figure 2A). Further, by fractionating cells
into nuclear and cytoplasmic compartments and monitoring mRNA content using quantitative
PCR (qPCR), we showed that ribavirin treatment impedes the nuclear export of NBS1 mRNA
in cells with endogenous eIF4E and in cells overexpressing eIF4E, relative to untreated controls
(Figure 2B). The quality of the fractionations were confirmed by monitoring the distribution
of U6 snRNA (nuclear) and tRNAlys (cytoplasmic) (Supplementary Figure S1 A). Total NBS1
mRNA levels did not change (Supplementary Figure S1 B). Thus, ribavirin appears to inhibit
Akt activation by inhibiting eIF4E’s ability to promote NBS1 expression, a factor that binds
to PI3K and subsequently potentiates Akt activation [13].

Ribavirin as a general inhibitor of eIF4E dependent mRNA export
eIF4E modulates Akt signaling at two levels: at the level of activation of Akt and at the level
of increased production of downstream effectors of Akt. Approximately 200 mRNAs are
sensitive to eIF4E at the mRNA export level, many of which are downstream effectors of Akt
(e.g. MDM2, cyclins B1, A2, E1 and D1) [11]. Thus, we sought to examine whether ribavirin
was likely to globally modulate eIF4E dependent mRNA export. We studied the effects of
ribavirin on a model chimeric construct, lacZ-4E-SE, which contains the 50 nucleotide element
that sensitizes this transcript to eIF4E dependent mRNA export [11]. We confirmed
fractionation quality by monitoring the distribution of U6 snRNA (nuclear) and tRNAlys
(cytoplasmic) (Supplementary Figure S1 C). eIF4E overexpression leads to enhanced mRNA
export of this transcript (without altering its stability as observed by no changes to total lacZ
mRNA levels (Supplementary Figure S1 D)), and subsequently enhanced protein production
as observed by western analysis (Figure 2C–D; [18]). Importantly, ribavirin treatment impedes
the mRNA export of lacZ-4E-SE and thus the levels of lacZ protein, with no effect on lacZ
alone (Figure 2C–D). These studies strongly suggest that all eIF4E target mRNAs that contain
the 4E-SE will be sensitive to ribavirin treatment. In this way, ribavirin treatment will have a
broad and coordinated impact on eIF4E dependent gene expression.

Ribavirin inhibits the eIF4E RNA regulon in cells with inherently high eIF4E levels
The above studies focused on systems with exogenously overexpressed eIF4E. Here, we
examined the effects of ribavirin on FaDu cells, which are derived from a head and neck
squamous cell carcinoma patient characterized by highly elevated eIF4E levels [20].
Consistently, ribavirin treatment led to reduced Akt activation at both S473Akt and T308Akt
(duplicates are shown in Figure 3B; data not shown), whilst no changes in total Akt levels were
observed. Further, NBS1 and cyclin D1 levels were also reduced (Figure 3B). These effects
were even apparent at 0.1µM ribavirin. Next we tested the previously observed transformation
potential for FaDu cells when treated with ribavirin [15]. As expected, there was a substantial
decrease in anchorage dependent foci number and in overall foci size (Figure 3A) in controls
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versus ribavirin treated cells. These studies suggest that ribavirin acts similarly in FaDu cells
as it did in fibroblasts overexpressing exogenous eIF4E. Thus ribavirin inhibits the eIF4E
regulon and thereby the Akt signaling pathway in multiple contexts.

Comparison of ribavirin and tiazofurin
Over the years, many analogues of ribavirin have been developed. One such analogue,
tiazofurin, has been tested in clinical trials for blast crisis chronic myeloid leukemia (bcCML)
[21,22]. Interestingly, bcCML is characterized by high eIF4E levels [5,14]. Tiazofurin is not
positively charged (Figure 1A) and thus cannot bind eIF4E [15]. Instead, the anti-cancer effects
of tiazofurin are attributed to its inhibition of inosine mono-phosphate dehydrogenase
(IMPDH), a key enzyme in guanosine biosynthesis [21]. However, ribavirin and tiazofurin are
often compared and considered to act through similar pathways. Thus, we examined the effects
of tiazofurin on the eIF4E RNA regulon.

First, we examined whether tiazofurin inhibits eIF4E mediated apoptotic rescue. Using the
same system described above, it is clear that 1µM tiazofurin does not affect eIF4E mediated
apoptotic rescue as seen by flow cytometry or TUNEL (Figure 1B–C). Also at 1µM, tiazofurin
did not markedly impact on cell viability of serum-starved cells relative to untreated controls
or normal (not starved) cells (Figure 1B–C). Further, tiazofurin treatment did not modulate Akt
activation or protein levels of either NBS1 or cyclin D1 (Figure 2A), nor did it modulate NBS1
mRNA export (Figure 2B). Finally tiazofurin did not impair anchorage dependent growth in
FaDu cells (Figure 3A), nor did it impair transformation of eIF4E-overexpressing NIH3T3
cells (data not shown). We confirmed quality of tiazofurin by mass spectrometry, and that
tiazofurin was active as an IMPDH inhibitor using an [2,8-3H]-inosine metabolism assay (data
not shown; [21]). In summary, despite the fact tiazofurin and ribavirin are structurally related,
at 1µM, tiazofurin does not impair eIF4E activities.

The differences in metabolism between ribavirin and tiazofurin likely underlie their distinct
biological effects. Tiazofurin is metabolized into tiazofurin adenine dinucleotide (TAD), which
binds the NAD binding site of IMPDH [23]. TAD inhibits IMPDH activity in vitro, in cell
culture and in leukemia patients ([21] and references therein). Given the physico-chemical
properties of TAD, one would not expect it to bind eIF4E, consistent with our results. In
contrast, ribavirin is metabolized mainly into ribavirin tri-phosphate (RTP, about 85%) with
some remaining di-phosphate (RDP) and mono-phosphate (RMP) forms. The RMP form
(which is only about 10% of the ribavirin metabolites [24]), binds IMPDH [25]. In fact, RTP
binds to eIF4E with higher affinity than ribavirin consistent with studies showing that m7GTP
binds eIF4E more strongly than m7G [15]. Thus differences in the structures of these drugs,
and their metabolized forms, likely underlie their different modes of action.

Conclusions
We present novel findings that the broad-spectrum anti-viral drug, ribavirin, impairs eIF4E
mediated apoptotic rescue and eIF4E dependent Akt survival signaling (summarized in Figure
4). In particular, ribavirin impedes mRNA export and thus production of NBS1, thereby directly
impacting on Akt activation, as well as impairing the production of downstream effectors of
Akt. Our studies with the lacZ-4E-SE chimeric construct suggest that ribavirin is a general
inhibitor of eIF4E dependent mRNA export. Further, ribavirin inhibits vascular endothelial
growth factor (VEGF) translation [15], indicating eIF4E impacts on both levels of eIF4E
dependent gene expression. Taken together, these findings suggest that ribavirin coordinately
impairs eIF4E dependent modulation of gene expression. Thus ribavirin is positioned to
coordinately inhibit the survival, proliferative, transforming and metastatic activities
associated with eIF4E. Our studies with tiazofurin indicate that these effects of ribavirin relate
to its effects on eIF4E. In this way, ribavirin provides a novel paradigm for drug design at two
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levels. It is a first-in-class as a physical mimic of the m7G cap and it targets network wide gene
expression via inhibiting a node in an RNA regulon.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ribavirin impedes eIF4E mediated apoptotic rescue of serum-starved fibroblasts. (A) Chemical
structures of m7-guanosine (m7G), ribavirin and tiazofurin. R represents the D-ribose sugar. (B)
1µM ribavirin, but not 1µM tiazofurin, inhibits eIF4E mediated rescue in murine fibroblasts
as quantified by Annexin V – propidium iodide (PI) flow cytometry (bar color is as follows:
blue – Annexin V−/PI−; yellow – Annexin V+/PI−; red – Annexin V+/PI+; black – Annexin
V−/PI+; NC, normal controls; SS, serum starved; standard deviation is less than 9% for all
measurements), and visualized by (C) TUNEL assays (blue – DAPI (viable), red – apoptotic;
scale bar represents 100µm).
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Figure 2.
Ribavirin inhibits Akt activation mediated by eIF4E overexpression. (A) Western blots analysis
of murine fibroblasts overexpressing eIF4E treated with 1µM ribavirin or tiazofurin for 48hrs.
Detected proteins are as indicated, with β-actin shown as a loading control. (B) RNA
quantification from qPCR experiments from murine fibroblasts showing the relative fold
difference for NBS1 mRNA cytoplasmic/nuclear (C/N) ratio. (C) Ribavirin inhibits the
expression of a lacZ chimeric model construct, which contains a 4E-SE, but not the lacZ
control. LacZ was detected using an antibody against the Xpress tag. α-tubulin is shown as a
loading control. (D) RNA quantification from qPCR experiments showing the relative fold
difference of lacZ mRNA C/N ratio. C/N ratios ± SD were normalized to vector control,
arbitrarily set to 1. Averaged values were normalized to GAPDH levels. Fractionation controls
(U6 snRNA – nuclear, tRNAlys – cytoplasmic) and total NBS1 and lacZ mRNA levels are
shown in Supplementary Figure S1.
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Figure 3.
Ribavirin inhibits Akt signaling and impedes transformation in FaDu cells. (A) FaDu cells
were treated with 1µM ribavirin or 1µM tiazofurin and Giemsa-stained foci were compared to
untreated controls. Quantification of foci is shown (error bars indicate SD). (B) Western blot
analysis of FaDu cells treated with indicated amounts of ribavirin. Detected proteins are as
indicated, with duplicates for each treatment shown.
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Figure 4.
Summary model of the two-tier modulation by ribavirin on the eIF4E RNA regulon and thus
Akt signaling. Arrows do not necessarily represent a single-step process. In yellow are some
of the known subset of mRNAs sensitive to eIF4E export activity (e.g. NBS1, cyclin D1, and
c-myc), whilst in orange are mRNAs sensitive to eIF4E translation activity (e.g. VEGF, and
c-myc), of which several are downstream effectors of Akt. Note that not every mRNA is
affected by eIF4E (and thus ribavirin) at both the mRNA export and translation levels (see
introduction). Thus, the model is not meant to depict this, but rather to show that both arms of
eIF4E function impact on its abilities to modulate gene expression. In this way, ribavirin is
positioned to potently impair the biological effects of eIF4E.
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