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a b s t r a c t

Hepatitis E virus (HEV) infection, one of the foremost causes of acute hepatitis, is becoming a health
problem of increasing magnitude. As other viruses, HEV exploits elements from host cell biochemistry,
but we understand little as to which components of the human hepatocellular machinery are perverted
for HEV multiplication. It is, however, known that the eukaryotic translation initiation factors 4F (eIF4F)
complex, the key regulator of the mRNA-ribosome recruitment phase of translation initiation, serves as
an important component for the translation and replication of many viruses. Here we aim to investigate
the role of three subunits of the eIF4F complex: eukaryotic translation initiation factor 4A (eIF4A),
eukaryotic translation initiation factor 4G (eIF4G) and eukaryotic translation initiation factor 4E (eIF4E)
in HEV replication. We found that efficient replication of HEV requires eIF4A, eIF4G and eIF4E. Consis-
tently, the negative regulatory factors of this complex: programmed cell death 4 (PDCD4) and eIF4E-
binding protein 1 (4E-BP1) exert anti-HEV activities, which further illustrates the requirement for
eIF4A and eIF4E in supporting HEV replication. Notably, phosphorylation of eIF4E induced by MNK1/2
activation is not involved in HEV replication. Although ribavirin and interferon-a (IFN-a), the most often-
used off-label drugs for treating hepatitis E, interact with this complex, their antiviral activities are in-
dependent of eIF4E. In contrast, eIF4E silencing provokes enhanced anti-HEV activity of these com-
pounds. Thus, HEV replication requires eIF4F complex and targeting essential elements of this complex
provides important clues for the development of novel antiviral therapy against HEV.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Hepatitis E virus (HEV), a single-strand-positive RNA virus
classified within the genus Hepevirus in the family Hepeviridae,
represents the most common cause of acute viral hepatitis (Kamar
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et al., 2014a). Like all viruses, HEV is completely dependent on the
translational machinery of host cells to synthesize the viral proteins
essential for its productive infection (Walsh and Mohr, 2004). The
host protein synthesis machinery commandeered by viruses has
major impact on viral protein synthesis and genome replication
(Montero et al., 2015), but little is known regarding how HEV uses
host translational machinery for its life-cycle.

As a heterotrimeric protein complex, eukaryotic translation
initiation factor 4F (eIF4F) mediates recruitment of ribosomes to
mRNA and is the rate-limiting step for cap-dependent translation in
viruses and cells under most circumstances (Gingras et al., 1999).
Functions of the constituent proteins of eIF4F include delivery of an
RNA helicase eukaryotic initiation translation factor 4A (eIF4A) to
the 50 region, bridging mRNA and ribosome by eukaryotic initiation
translation factor 4G (eIF4G) scaffolding protein and recognition of
the mRNA 50 cap structure by eukaryotic initiation translation
factor 4E (eIF4E) cap-binding protein (Gingras et al., 1999). Not
surprisingly, all these translation initiation factors are required for

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:q.pan@erasmusmc.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.antiviral.2015.10.016&domain=pdf
www.sciencedirect.com/science/journal/01663542
www.elsevier.com/locate/antiviral
http://dx.doi.org/10.1016/j.antiviral.2015.10.016
http://dx.doi.org/10.1016/j.antiviral.2015.10.016
http://dx.doi.org/10.1016/j.antiviral.2015.10.016


X. Zhou et al. / Antiviral Research 124 (2015) 11e1912
various types of viruses during their translation and replication (de
Breyne et al., 2012; George et al., 2012; Ventoso et al., 2001; Walsh
and Mohr, 2004). In addition, eIF4E phosphorylation is induced by
the eIF4G-associated kinase MNK1 to facilitate eIF4F assembly
(Walsh et al., 2013). This process of translational control has been
reported to be critical for the efficient viral infection (Royall et al.,
2015; Walsh and Mohr, 2004; Walsh et al., 2005). Furthermore,
other cellular regulatory proteins of eIF4F complex such as
eukaryotic translation initiation factor 4B (eIF4B) (Harms et al.,
2014), programmed cell death 4 (PDCD4) (Dennis et al., 2012) and
eIF4E-binding protein 1 (4E-BP1) have been reported vital for viral
protein synthesis (Damania et al., 2014; Kaur et al., 2007; Wang
et al., 2014a). HEV, however, has not been investigated in this
context and it is currently unknown whether the virus requires
eIF4F complex for efficient replication.

Interestingly, the eIF4F complex can interact with antiviral
regimens, such as ribavirin or interferon-a (IFN-a), which are the
classical standard therapy of chronic hepatitis C but also as off-label
drugs for treating individual HEV cases or small case series (Kamar
et al., 2014b; Zhou et al., 2013). Ribavirin can directly bind to eIF4E
and compete for 50 cap mRNA binding (De la Cruz-Hernandez et al.,
2015; Kentsis et al., 2004), whereas some regulatory factors of eIF4F
complex are involved in interferon mediated antiviral immune
response (Burke et al., 2011; Nehdi et al., 2014). In absence, how-
ever, of information as to requirement of HEV for elements of the
host translational machinery it is impossible to make statements
whether ribavirin exerts its anti-HEV action through inhibition of
the eIF4F complex or whether alternative mechanisms are
involved.

The lack of knowledge as to the requirements made by HEV on
the hepatocellular host cell machinery with respect to translation
of viral gene products represents a major gap in our understanding
of the biology of this virus and hampers design of rational treat-
ment. Therefore, this study has investigated the role of the eIF4F
complex and its regulatory factors in HEV replication, as well as
their potential involvements in the anti-HEV actions of ribavirin
and IFN-a.

2. Materials and methods

2.1. Reagents

Compound GCP57380 as Mnk1 inhibitor (>98% purity) was
purchased fromAbcam Biochemicals (UK). Ribavirinwas purchased
from Sigma-Aldrich (St Louis, MO). Human IFN-a (Thermo Scien-
tific, the Neterlands) was dissolved in PBS. Doxycycline hyclate
(�98% TLC) was purchased from Sigma-Aldrich (St Louis, MO).
Stocks of Jak inhibitor I (Santa Cruz Biotech, Santa Cruz, CA) was
dissolved in DMSO (Sigma-Aldrich, St Louis, MO) with a final con-
centration of 5 mg/ml. Antibodies including total-eIF4E, phosphor-
eIF4E, total-4E-BP1 (Cell Signalling Technology, Netherlands) and
b-actin (Santa Cruz Biotech, Santa Cruz, CA); anti-rabbit or anti-
mouse IRDye-conjugated secondary antibodies (Stressgen, Gland-
ford Ave, Victoria, BC, Canada) were also used.

2.2. Cell culture and cell models

Naïve or vector transduced HuH7 cells was established from a
hepatocellular carcinoma, immortalized mouse embryonic fibro-
blasts (MEFs) derived from wild-type and 4E-BP1 knock-out (4E-
BP1�/�) mice (kind gifts from E.N. Fish's lab), eIF4EeS209A MEFs
containing an eIF4E mutation in which eIF4E cannot be phos-
phorylated (kind gift from Dr Sonenberg's lab, McGill University)
were cultured in Dulbecco's modified Eagle medium (DMEM)
(Invitrogen-Gibco, Breda, The Netherlands) complemented with
10% v/v fetal calf serum (Hyclone, Lonan, Utah), 100 IU/ml peni-
cillin, 100 mg/ml streptomycin and 2 mM L-glutamine (Invitrogen-
Gibco). Authentication of cell line was performed at the Depart-
ment of Pathology, ErasmusMC and regular testing for mycoplasma
contamination was performed at the Laboratory of Gastroenter-
ology and Hepatology, Erasmus MC.

HEV genomic RNA was generated from a plasmid construct
containing the full-length HEV genome (Kernow-C1 p6 clone,
GenBank Accession Number JQ679013) or a construct containing
subgenomic HEV sequence coupled with a Gaussia luciferase re-
porter gene (p6-luc), using the AmbionMESSAGEMACHINE in vitro
RNA transcription Kit (Life Technologies Corporation) (Shukla et al.,
2012, 2011). The human hepatoma 7 (HuH7) cells were collected
and centrifuged for 5 min, 1500 rpm, 4 �C. Supernatant was
removed and washed with 4 ml Opti-MEM by centrifuging for
5 min, 1500 rpm, 4 �C. The cell pellet was re-suspended in 100 ml
Opti-MEM and mixed with p6 full-length HEV RNA or p6-Luc
subgenomic RNA. Electroporation was performed with the Bio-
Rad's electroporation systems using the protocol of a designed
program (240 V, pulse length 0.5, number 1 and cuvette 4 mm)
(Shukla et al., 2012). All cells were grown at 37 �C, 5% CO2, and 100%
humidity.

2.3. Gene knockdown and overexpression by lentiviral vector

Lentiviral vectors of shRNA (SigmaeAldrich) targeting eIF4A,
eIF4G, eIF4B, PDCD4, eIF4E, 4E-BP1 and controls were obtained
from the Erasmus Center for Biomics and produced in HEK 293 T
cells as previously described (Pan et al., 2009). Three types of
control vectors have been tested on HEV replication (CTR1: Control
that will not activate the RNAi pathway because the vector does not
contain an shRNA insert, CTR2: Control that will activate RISC and
the RNAi pathway, but does not target any human or mouse genes.
The short hairpin sequence contains 5 bp mismatches and scram-
bled sequences to any known human or mouse gene, CTR3: Control
contains shRNA sequence that targets GFP reporter that is not
expressed in our cell lines. Since no off-target effect was observed
(Fig. S1), the most advanced shRNA control vector targeting GFP
(GFP is not expressed in our cell lines) was used in this study as
control (shCTR). After a pilot study, the shRNA vectors exerting
optimal gene knockdown were selected. These shRNA sequences
were described in Supplementary Table 1. To generate gene
knockdown cells, HuH7 cells were transduced with lentiviral vec-
tors. Since the knockdown vectors also express a puromycin
resistance gene, transduced cells were subsequently selected by
adding 3 mg/ml puromycin to the cell culture medium. Over-
expression of 4E-BP1 lentivector (Addgene) was a kind gift from Dr
Sonenberg's lab, McGill University. To generate overexpression
cells, HuH7 cells were transduced with lentiviral vectors and
doxycycline was used to add in the 4E-BP1 overexpression cell lines
as the stimulation factor.

2.4. Quantitative real-time polymerase chain reaction

RNAwas isolated with a Machery-Nucleo Spin RNA II kit (Bioke,
Leiden, The Netherlands) and quantified using a Nanodrop ND-
1000 (Wilmington, DE, USA). cDNA was prepared from total RNA
using a cDNA Synthesis Kit (TAKARA BIO INC). The cDNA was
quantified with a SYBR Green-based real-time PCR (MJ Research
Opticon, Hercules, CA, USA) according to the manufacturer's in-
structions. GAPDH or b-actin was considered as reference gene to
normalize gene expression. The HEV primer sequences were 50-
ATTGGCCAGAAGTTGGTTTTCAC-3’ (sense) and 50-CCGTGGCTA-
TAATTGTGGTCT-30 (antisense). Other human and mouse primer
sequences were included in Supplementary Table 2.



Fig. 1. Requirements of eIF4A and eIF4G for HEV replication. Knockdown of eIF4A and eIF4G by lentiviral shRNA vectors were performed in Huh7 cells. Compared with the control
vector transduced cells, the sheIF4A clone 1 and 2 (A and B) or the sheIF4G clone 1 and 4 (D and E) showed potent gene silencing at mRNA level and protein level. Correspondingly,
knockdown of eIF4A (C) and eIF4G (F) resulted in significant increase of cellular HEV RNA level (Mean ± SEM, n ¼ 4). *P < 0.05.
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2.5. Western blot assay

Proteins in cell lysates were heated 5 min at 95 �C followed by
loading onto a 10-15% sodium dodecyl sulphate-polyacrylamide gel
(SDS-PAGE) and separated by electrophoresis. After 90min running
Fig. 2. The regulatory factors of eIF4A, PDCD4 but not eIF4B, restricted HEV replication. (A
downregulation of eIF4B at mRNA level. (B) Silencing of eIF4B did not influence HEV replica
PDCD4 were significantly reduced in clone 1 and 3. (E) HEV RNA level were dramatically in
at 100 V, proteins were electrophoretically transferred onto a pol-
yvinylidenedifluoride (PVDF) membrane (Invitrogen) for 1.5 h with
an electric current of 250 mA. Subsequently, the membrane was
blocked with blocking buffer. It was followed by incubation with
rabbit t-eIF4E, p-eIF4E, t-4E-BP1 (1:1000) antibodies overnight at
) Clone 2 and 3 Knockdown of eIF4B by lentiviral shRNA vectors exerted significant
tion during 72 h inoculation of viral particles. mRNA level (C) and protein level (D) of
creased when silencing PDCD4 in clone 1 and 3. (Mean ± SEM, n ¼ 4). *P < 0.05.



Fig. 3. eIF4E supports HEV replication. Knockdown of human eIF4E by five lentiviral
shRNA vectors were performed in HuH7 cells. Clone 1 and 2 exhibited a potent down-
regulation of eIF4E at protein (A) and mRNA (B) levels. b-actin served as an internal
reference. (C) Correspondingly, these two clones of eIF4E knockdown inhibited HEV
replication. (D) Knockdown of mouse eIF4E by lentiviral shRNA vector was applied in
MEFs showed a significant decrease at eIF4E mRNA level. (E) HEV RNA level was
significantly reduced with eIF4E silencing in MEFs. (Mean ± SEM, n ¼ 4). *P < 0.05.
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4 �C. Themembranewaswashed 3 times followed by incubation for
1 h with anti-rabbit or anti-mouse IRDye-conjugated secondary
antibodies (LI-COR Biosciences, Lincoln, USA) (1:5000) at room
temperature. Blots were assayed for b-actin content as standardi-
zation of sample loading, scanned, and quantified by Odyssey
infrared imaging (Li-COR Biosciences, Lincoln, NE, USA). Results
were visualized and quantitated with Odyssey 3.0 software.

2.6. Measurement of luciferase activity

For Gaussia luciferase, the activity of secreted luciferase in the
cell culture medium was measured by BioLux® Gaussia Luciferase
Flex Assay Kit (New England Biolabs). For firefly luciferase, luciferin
potassium salt (100 mM; Sigma) was added to cells and incubated
for 30 min at 37 �C. Both gaussia and firefly Luciferase activity was
quantified with a LumiStar Optima luminescence counter (BMG
LabTech, Offenburg, Germany).

2.7. Statistical analysis

All results were presented as mean ± SEM. Comparisons be-
tween groups were performed with ManneWhitney test. Differ-
ences were considered significant at a p value less than 0.05 *or
0.01 **.

3. Results

3.1. Requirements of eIF4A and eIF4G for efficient HEV replication

Most of cellular and viral mRNAs rely on cap-dependent mRNA
translation. The canonical mechanism of initiation commences
with recognition of 50 end m7GpppN cap structure by the eIF4F
complex formed by the DEAD-box helicase eIF4A, the scaffolding
protein eIF4G and the cap recognition factor eIF4E (Sonenberg and
Hinnebusch, 2009). Among these initiation factors, eIF4A is a sub-
unit in charge of unwinding of secondary structure within the
leader sequence of mRNA, while large scaffolding subunit eIF4G is
associated withmany other translation initiation factors (de Breyne
et al., 2012). Because of the important roles of both eIF4A and eIF4G
subunits reported in translation and replication of many viruses,
we investigated their roles in HEV replication.

Firstly, we evaluated the role of the DEAD-box RNA helicase
eIF4A by using RNAi-based gene loss-of-function approach. Two
out of four (sheIF4A-1 and sheIF4A-2) shRNAs targeting eIF4A
showed significant reduction of its mRNA level in HuH7 cells,
compared with a control shRNA targeting GFP (shCTR) (Fig. 1A).
Consistently, their protein levels were also downregulated without
affecting the expression of eIF4G and eIF4E, which suggested a
successful knockdown of eIF4A (Fig. 1B). No cytotoxicity has been
observed in these cells as measured by MTT assay (Fig. S2A).
Silencing of eIF4A resulted in significant decrease of cellular HEV
RNA level by 63.1% ± 8.6% and 57.6% ± 13.8% (mean ± SEM, n ¼ 4,
P < 0.05) after three days inoculation of HEV particles, respectively
(Fig. 1C). Next, knockdown of scaffold protein eIF4G by four shRNAs
were also performed in HuH7 cells. Two clones (sheIF4G-1 and
sheIF4G-4) showed efficient down-regulation of eIF4G at both
mRNA level and protein level, but did not influence the protein
level of eIF4A or eIF4E (Fig. 1D and E). No cytotoxicity was observed
in these knockdown cells (Fig. S2B). Correspondingly, HEV RNA
levels was significantly reduced by 36.1% ± 10.6% and 33.8% ± 11.0%
(mean ± SEM, n ¼ 4, P < 0.05) in both eIF4G knockdown cells,
respectively, compared to shCTR cells (Fig. 1F). These results
demonstrate that both eIF4A and eIF4G are required for efficient
HEV replication.
3.2. PDCD4, the negative regulatory factor of eIF4A, restricts HEV
replication

Given the fact that the function of eIF4A is regulated by multiple
cellular factors, we first investigated the effect of its activator eIF4B
that can increase the helicase activity of eIF4A. Knockdown of eIF4B
by two out of four shRNA clones (sheIF4B-2 and sheIF4B-3) resulted
in significant down-regulation of eIF4B expression (Fig. 2A), but has
no significant influence on cellular HEV RNA level (Fig. 2B).

We next examined a negative regulatory factor of eIF4A, PDCD4,
which prevents the binding of eIF4A to eIF4G and thereby inhibits



X. Zhou et al. / Antiviral Research 124 (2015) 11e19 15
the initiation of translation (Pelletier et al., 2015), To assess the
effect of PDCD4 on HEV replication, lentiviral shRNA vectors were
used to stably knockdown its expression in HuH7 cells. Potent
down-regulation of PDCD4 mRNA and protein expression of two
clones (shPDCD4-1 and shPDCD4-3) (Fig. 2C and D) resulted in a
significant increase of HEV RNA after inoculation of HEV particles
for three days (Fig. 2E). No cytotoxicity was observed in knockdown
cells (Fig. S2C). These results are consistent with the finding that
eIF4A supports HEV replication and inhibiting the function of eIF4A
by PDCD4 in turn suppresses HEV replication.

3.3. eIF4E is also required for efficient HEV replication

eIF4E, the least abundant component of the eIF4F complex, is a
rate-limiting factor for translation (Mohr and Sonenberg, 2012), To
investigate the role of eIF4E in HEV replication, its expression was
silenced by RNAi. Two out of five shRNAs targeting eIF4E exerted
potent knockdown at both protein (Fig. 3A) and mRNA levels
(Fig. 3B). No off-target effect was observed on protein expression of
eIF4G or eIF4A (Fig. 3A), or on genes such as CyA, CyB, 4E-BP1 and
mTOR, which are known to affect HEV replication as previously
shown (Wang et al., 2014b; Zhou et al., 2014) (Fig. S3). MTT assay
showed no cytotoxicity of eIF4E silencing in cells (Fig. S2D).
Accordingly, inoculation of HEV led to reduction by 44% ± 12% and
41% ± 25% (mean ± SEM, n ¼ 5, P < 0.05) in viral RNA level in these
two knockdown cells compared to shCTR cells (Fig. 3C). We
observed similar effect in MEFs (Fig. 3D and E), further confirming
that eIF4E plays an important role in HEV replication.

3.4. Phosphorylation is not required for eIF4E to support HEV
replication

Ser209 phosphorylation has been shown to be required for the
oncogenic potential of eIF4E (Panda et al., 2014). To examine
Fig. 4. eIF4E phosphorylation did not significantly affect HEV replication. (A) Treatment with
eIF4E, but not total eIF4E protein shown by Western blot assay. b-actin served as an internal
luciferase activity during the three days (B) and viral RNA level in HuH7-p6 infectious model
shown by Western blot assay. b-actin served as an internal reference. (E) Inhibition of phosp
n ¼ 4).
whether this is also important in the context of HEV infection,
HuH7 cells harboring the HEV subgenomic replicon or the full-
length genome were treated with 10e100 mM CGP57380, a well-
characterized inhibitor of MNK. MNK is the only known physio-
logic kinase that phosphorylates eIF4E (Ser209 site) (Kyriakis,
2014). This compound potently inhibited eIF4EeS209 phosphory-
lationwithout effect on total eIF4E protein level (Fig. 4A). However,
CGP57380 had no effect on HEV replication in both luciferase
replicon model (Fig. 4B) and infectious model (Fig. 4C). To further
confirm the function of phosphorylation of eIF4E, MEFs cultured
frommicewith S209Amutationwere used. This mutation targeting
the conserved phosphorylation site for MNK1/2 kinase with serine-
to-alanine completely abolished phosphorylation of eIF4E at
Ser209 without effect on total eIF4E (Fig. 4D). Consistently, no
significant effect was observed on HEV replication between
mutated and wild type MEFs (Fig. 4E). These data suggest that
phosphorylation of eIF4E is dispensable for HEV replication.
3.5. HEV replication is inhibited by the eIF4E suppressor, 4E-BP1

eIF4E can be released by 4E-BP1 hyperphosphorylation with
elimination of translational repression (Nehdi et al., 2014). For a
more detailed characterization of the role of eIF4E suppressor 4E-
BP1 in HEV infection, we employed both loss- and gain-of-function
approaches in HuH7 cells. Using lentiviral RNAi technique, 4E-BP1
was dramatically down-regulated at both protein and mRNA levels
(Fig. 5A). Accordingly, 48 h inoculation of HEV resulted in 2.6 ± 1.2
fold (mean ± SEM, n ¼ 4, P < 0.05) increase of viral RNA in 4E-BP1
knockdown HuH7 cells, compared with the mock knockdown cells
(Fig. 5A). In contrast, using an inducible over-expression lentiviral
vector, 4E-BP1 expression was drastically up-regulated at both
protein and mRNA levels with treatment of dose dependent
doxycycline, which resulted in significant reduction of HEV RNA by
59% ± 17% (mean ± SEM, n ¼ 4, P < 0.05) (Fig. 5B).
MNK1/2 inhibitor CGP57380 of 100 mM dramatically decreased the phosphorylation of
reference. 10e100 mM CGP57380 did not significantly affected viral replication-related
for 48 h (C). (D) MEFs of S209A mutation abolished phosphorylation of eIF4E at Ser209
horylation in S209A MEFs did not significantly influence HEV replication. (Mean ± SEM,



Fig. 5. The eIF4E suppressor, 4E-BP1, limited HEV replication. (A) Efficient silencing of 4E-BP1 at protein level was detected by Western blot assay. b-actin served as an internal
reference. Similarly, 4E-BP1 was significantly down-regulated at mRNA level (Mean ± SEM, n ¼ 7). Correspondingly, inoculation of HEV resulted in significant increase of viral RNA
in 4E-BP1 knockdown Huh7 cells, compared with the mock knockdown cells (Mean ± SEM, n ¼ 4). (B) 4E-BP1 was drastically up-regulated at protein level when the over-
expression cell lines were treated with different concentrations of doxycycline for 24 h b-actin served as an internal reference. Similarly, mRNA levels of 4E-BP1 was dramati-
cally increased after treatment of 4 mg/ml doxycycline for 24 h (Mean ± SEM, n ¼ 5). Correspondingly, 4E-BP1 over-expression cell line with treatment of 4 mg/ml doxycycline for
24 h resulted in significant reduction of HEV RNA level (Mean ± SEM, n ¼ 4). (C). MEFs derived from 4E-BP1 knockout (4E-BP1�/�) mice presented an efficient silencing of 4E-BP1 at
protein level compared to WT MEFs, leading to significant increase of HEV RNA level (Mean ± SEM, n ¼ 4). *P < 0.05.
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To further validate 4E-BP1 function in HEV infection, MEFs
cultured from 4E-BP1 knockout mice were studied. Western blot
assay showed a complete knockout of 4E-BP1 at protein level
(Fig. 5C). Accordingly, 48 h inoculation of HEV led to 3.9 ± 0.8 fold
(mean ± SEM, n ¼ 4, P < 0.05) increase of cellular HEV RNA level in
4E-BP1 knockout MEFs (4E-BP1�/�) compared to wild type MEFs
(4E-BP1þ/þ) (Fig. 5C). Hence, these data supported a role of 4E-BP1
in constraining HEV replication.

3.6. The anti-HEV activities of ribavirin and IFN-a are independent
of eIF4E

Ribavirin is awell-known inhibitor of eIF4E (Kentsis et al., 2004).
To evaluate whether the anti-HEV activity of ribavirin is mediated
by the inhibition of eIF4E, both shCTR and sheIF4E-1 cells with HEV
inoculation were used for the treatments of 6.25, 12.5, 25, 50,
100 mM ribavirin for 48 h. Comparable IC50 in shCTR and sheIF4E
cells were found with the range between 12.5 and 25 mM (Fig. 6A).

The antiviral activity of IFN-a has also been associated to the
regulation of translation initiation factors in particular circum-
stances (Burke et al., 2011; Nehdi et al., 2014). To further assess
whether eIF4E could mediate the anti-HEV activity of IFN-a,
treatments of 1, 10, 100, 1000, 10,000 IU/ml IFN-a on HEV in both
shCTR and sheIF4E-1 cells for 48 h has been performed.
Comparable IC50 of IFN-a were observed with the range between
10 and 50 IU/ml in shCTR and sheIF4E cells (Fig. 6B). Furthermore,
as expected, HEV replication were significantly inhibited with
treatment of 25 mM ribavirin and 1000 IU/ml IFN-a for 48 h.
However, the anti-HEV effects of ribavirin and IFN-a were further
enhanced by eIF4E knockdown (Fig. 6C). In addition, no clear
cytotoxicity was observed in both shCTR and sheIF4E cells (Fig. S4A
and 4B). These results indicated that the antiviral effects of ribavirin
and IFN-a are independent of eIF4E, although silencing of eIF4E
could already inhibit HEV replication.

4. Discussion

Most of the viruses can only encode restricted numbers of
proteins and therefore they heavily rely on the host cellular ma-
chinery and their ingredients to accomplish the virus life-cycles
(Montero et al., 2015). Recent studies show that translation initia-
tion mechanisms especially eIF4F complex is employed by many
viruses as a primary target for cap-dependent translational control
to confer advantages to generate progeny (Bushell and Sarnow,
2002). Three proteins: RNA helicase eIF4A, scaffolding protein
eIF4G and cap binding protein eIF4E, which are components of the
eIF4F complex, are related to the efficient translation and replica-
tion of various viruses (de Breyne et al., 2012; George et al., 2012;



Fig. 6. The anti-HEV activities of ribavirin and IFN-a is independent of eIF4E. (A) IC50 of RBV was with the range between 12.5 and 25 mM: 15.67 mM in shCTR cells and 17.24 mM in
sheIF4E cells and (B) IFN-a was with the range between 10 - 50 IU/ml: 14.55 IU/ml in shCTR cells and 47.75 IU/ml in sheIF4E cells). (C) 25 mM ribavirin and 1000 IU/ml IFN-a were
treated in shCTR and sheIF4E cells. HEV RNA level was detected by qRT-PCR after 72 h inoculation of viral particle. (Mean ± SEM, n ¼ 4-8). *P < 0.05. **P < 0.01.
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Ventoso et al., 2001; Walsh and Mohr, 2004). It is, however, un-
known to what extent HEV requires elements from the translation
initiation complex. Our study was aimed to provide more insight in
this area of HEV biology, also with the explicit goal to provide di-
rections for the development of rational treatment of HEV-related
disease. Our study demonstrated a requirement of the eIF4F com-
plex for efficient HEV replication (Figs. 1 and 3).

Among all three subunits of the eIF4F complex, eIF4E is themain
regulatory nexus involved in the complex formation and has
impact on many types of viral infections (Montero et al., 2015),
including on HEV as we showed in this study. One of the mecha-
nisms by which eIF4E takes control of complex formation and
translation initiation process is via phosphorylation on serine 209
carried out by MNK1/2 (Montero et al., 2015). Stimulation of eIF4E
phosphorylation is correlated with facilitated translation and
replication of some viruses (Panda et al., 2014; Royall et al., 2015;
Walsh and Mohr, 2004). In contrast, we found that S209 phos-
phorylation is not required for eIF4E to support HEV replication
(Fig. 4). Another regulatory mechanism of eIF4E is exerted via 4E-
BP1, a small-molecular-weight repressor of 50 capped mRNA
translation, which has also been implicated in host defense against
viral infection (Kaur et al., 2007). In apparent agreement, we show
that 4E-BP1 can inhibit HEV replication (Fig. 5). 4E-BP1 is a phos-
phoprotein that binds to eIF4E depending on its phosphorylation
status. 4E-BP1 hyperphosphorylation results in releasing eIF4E to
Fig. 7. Schematic illustration of the involvement of the eIF4F complex in HEV replication. Th
HEV replication. Furthermore, HEV replication is limited by the cap dependent translational s
by MNK1/2 kinase activation.
form the functional eIF4F complex. Conversely, 4E-BP1 hypo-
phosphorylation allows binding of this protein to eIF4E and coun-
teracts the formation of eIF4F complex (Montero et al., 2015).
Therefore, without this hijacking of eIF4E in a 4E-BP1-deficient
context, eIF4E can still exert its pro-HEV activity (as we have
shown in Fig. S5). Similarly, the eIF4A suppressor PDCD4 can also
restrict HEV replication (Fig. 2). PDCD4 sequesters eIF4A from the
eIF4E-eIF4G complex, resulting in repressed translation of mRNAs
(Dennis et al., 2012) and thus modulates replication of various vi-
ruses (Damania et al., 2014; Wang et al., 2014a). Apparently this
notion also holds true in the biology of HEV infection.

Despite the absence of proven medications for treating HEV,
ribavirin, IFN-a, or the combination have been use as off-label
antiviral drugs to treat individual HEV cases or small case series
(Zhou et al., 2013). The antiviral effect of interferons and their
signaling pathways have been attributed to effects in the 4E-BP1
cascade (Burke et al., 2011; Kaur et al., 2007). However, loss- or
gain-function of 4E-BP1 had no significant effects on the expression
of IFN-a and -b (Fig. S6A) and no effect on phosphorylation of
STAT1, the key element of interferon signalling transduction
(Fig. S6B). Furthermore the effect of 4E-BP1 on HEV is independent
of JAK-STAT cascades (Fig. S6C). Conversely, the anti-HEV effect of
IFN-a is also independent of 4E-BP1 (Fig. S6D). Although ribavirin
directly binds to eIF4E and competes for 50 capmRNA binding (De la
Cruz-Hernandez et al., 2015; Kentsis et al., 2004), the anti-HEV
ree subunits of eIF4F complex: eIF4A, eIF4G and eIF4E play important roles in efficient
uppressors, PDCD4 and 4E-BP1, but is not influenced by eIF4E phosphorylation induced
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activity of ribavirin is also independent of eIF4E in our experi-
mental system (Fig. 6). Instead, loss of eIF4E exerts additive anti-
HEV effect of IFN-a or ribavirin and suggests that treatments
aimed at targeting the translation initiation complex in conjunction
with IFN-a or ribavirin have significant promise.

In conclusion, we revealed that cap dependent translation ma-
chinery plays a critical role in help with efficient HEV replication.
The translational suppressors PDCD4 and 4E-BP1 are important
antiviral factors in restraining HEV infection (Fig. 7). Thus, these
results have shed new light on virus-host interactions and provided
new avenue for potential antiviral drug development against HEV
infection.
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