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Influenza virus mRNAs bear a short capped oligonucleotide sequence at their 5� ends derived from the host
cell pre-mRNAs by a “cap-snatching” mechanism, followed immediately by a common viral sequence. At their
3� ends, they contain a poly(A) tail. Although cellular and viral mRNAs are structurally similar, influenza virus
promotes the selective translation of its mRNAs despite the inhibition of host cell protein synthesis. The viral
polymerase performs the cap snatching and binds selectively to the 5� common viral sequence. As viral mRNAs
are recognized by their own cap-binding complex, we tested whether viral mRNA translation occurs without the
contribution of the eIF4E protein, the cellular factor required for cap-dependent translation. Here, we show
that influenza virus infection proceeds normally in different situations of functional impairment of the eIF4E
factor. In addition, influenza virus polymerase binds to translation preinitiation complexes, and furthermore,
under conditions of decreased eIF4GI association to cap structures, an increase in eIF4GI binding to these
structures was found upon influenza virus infection. This is the first report providing evidence that influenza
virus mRNA translation proceeds independently of a fully active translation initiation factor (eIF4E). The data
reported are in agreement with a role of viral polymerase as a substitute for the eIF4E factor for viral mRNA
translation.

Viruses do not possess the required components to initiate
mRNA translation; thus, they are obligated to utilize host cell
factors and therefore to compete for and manipulate the trans-
lation apparatus to its own benefit. Cellular mRNAs possess a
7-methyl guanine structure (cap) at their 5� ends, which plays
a critical role in the recruitment of the ribosome to the mRNA.
The cap structure is recognized by eIF4E, the cytosolic cap-
binding protein that, together with eIF4G and the eIF4A he-
licase, forms the eIF4F complex. The cap structure is bound in
the nucleus by the nuclear cap-binding complex, and in order
to translate a given mRNA, the cap-binding complex must be
replaced by eIF4E at the 5� terminus. The eIF4F complex,
through eIF4G, recruits the 40S ribosomal subunit bound to
eIF3 (for a review, see reference 23). The binding of eIF4G to
eIF4E triggers a conformational change in both polypeptides
that enhances the association of eIF4E with the cap and sta-
bilizes the complex (25).

The influenza virus RNA polymerase is a complex composed
of three subunits: PA, PB1, and PB2. The synthesis of capped
and polyadenylated viral mRNAs is primed by short capped
oligonucleotides of around 10 to 12 nucleotides, which are
scavenged from host cell nuclear mRNAs by viral polymerase
endonuclease activity (46). The PB2 subunit is responsible for
the binding of the cap structures (4), while it is thought that the
endonucleolytic activity required for the “cap-snatching” pro-

cess lies in the PB1 subunit (36). Influenza virus mRNAs there-
fore contain host cell-derived sequences at their 5� ends fol-
lowed by a highly conserved sequence that is common to all
viral genes. It has been reported that the influenza virus poly-
merase complex binds to this common sequence in vitro (51).
This association increases the cap-binding activity of the poly-
merase complex and enhances its binding to the capped viral
mRNAs, protecting them from the cap-snatching process (51).
The 3� end of viral messengers is polyadenylated by a reitera-
tive copy of a U5-7 track present near the 5� end of the viral
RNA (38). Consequently, although different pathways synthe-
size cellular and viral mRNAs, both types of mRNAs are struc-
turally similar.

Influenza virus efficiently shuts off host cell protein synthesis
(21). Upon infection of susceptible cells, initiation and elon-
gation steps of translation of cellular mRNAs are inhibited
(31). This translational control is accompanied by a selective
translation of viral mRNAs, with the sequences within the 5�
untranslated regions (UTRs) playing a critical role (21). The
NS1 viral protein is important for the selective translation of
viral messengers, especially for the late ones, by increasing
their rate of initiation (10, 14, 31, 43). This process is mediated
by its functional interaction with the 5�-terminal conserved
sequences of viral mRNAs (10, 43). We have identified two
cellular targets of NS1 that support its role in protein transla-
tion: the eIF4GI subunit of eIF4F (1) and poly(A) binding
protein 1 (PABP1) (5). However, there are NS1 mutant viruses
(point mutations or partial or total deletions of the NS1 pro-
tein) that present alterations in protein synthesis but that are
still capable of inducing cellular shutoff and performing selec-
tive translation of their own mRNAs (17, 19, 26, 48). These
data suggest that other viral factors should be involved in the
translation of viral mRNAs. Influenza virus infection alters the
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translation initiation eIF4F complex: the cap-binding protein
eIF4E becomes underphosphorylated, and the factor eIF4GI
becomes hyperphosphorylated (18). On the other hand, influ-
enza virus infection cannot proceed in poliovirus-infected cells,
where the eIF4G factor is cleaved (20). This suggests that viral
mRNA translation requires full-length eIF4G and therefore
does not proceed by an internal cap-independent translation
initiation pathway. To elucidate the mechanisms involved in
the selective translation of viral messengers during infection,
we examined whether viral polymerase, as a cap-binding pro-
tein complex, functions as the cap-binding factor for viral
mRNA translation, allowing functional independence from the
cellular cap-binding protein eIF4E.

MATERIALS AND METHODS

Biological materials. Influenza virus strains A/Victoria/3/75 (VIC), A/Puerto
Rico/8/34 (PR8), and PR8 lacking NS1 (delNS1) (a gift of A. Garcı́a-Sastre) and
coronavirus strain HCoV-229E (a gift of L. Enjuanes) were used. To reconstitute
viral RNP, plasmids pCMVPA, pCMVPB1, pCMVPB2, pCMVNP, and pHHNS,
which were previously described (17), were used. To analyze the translation
initiation complex-viral polymerase association, plasmids pCMVPA�UTR,
pCMVPB1�UTR, and pCMVPB2�UTR that express PA, PB1, and PB2 poly-
merase subunits but that do not contain the 5� and 3� influenza virus UTR
sequences were used and kindly provided by P. Resa. HEK293T, HeLa, and
A549 cell lines were used throughout. Vero and ST-hAPN cells were used to
amplify recombinant influenza virus lacking NS1 (48) and human coronavirus
HCoV-229E (34), respectively. Monoclonal antibody against green fluorescent
protein (GFP) and complete protease and RNase (human placenta RNAse
inhibitor) inhibitors were obtained from Roche. Rapamycin was obtained from
Calbiochem.

Construction of plasmids. For the construction of 4E-BP1-expressing plas-
mids, human 4E-BP1 cDNA was used as a template for PCR mutagenesis to
mutate T37, T46, S65, and T70 to alanine. Wild-type or mutated sequences were
inserted in frame into vector pcDNA3-3HA (which contains an N-terminal
fusion with a tag comprising three hemagglutinin [HA] epitopes).

The eIF4E-silencing plasmid pSUPERretroNeoGFP-4E (pSUPER-GFP-4E)
expressing the short hairpin RNA corresponding to positions 447 to 465 of eIF4E
mRNA was generated according to the manufacturer’s instructions (Oligo-
engine). This short hairpin showed no homology to other gene sequences when
using BLAST. Control plasmid pSUPERretroNeo-GFP-TM (a gift of A.
Rodriguez) expresses a nonsilencing short hairpin RNA derived from a tran-
script of the bacterium Thermotoga maritima and does not target any known
mammalian gene (the targeted sequence is AATTCTCCGAACGTGTCACGT).

Transfection and virus infection. All infections were carried out at a multi-
plicity of infection of 5 to 10 PFU/cell. Where needed, HEK293T or HeLa cells
were previously transfected by the calcium-phosphate method (52) or using
FUGENE HD reagent (Roche Applied Science), respectively. At different times
postinfection, the cells were used for studies using sucrose gradient separation,
immunofluorescence, metabolic labeling, or binding to m7GTP resins (cap resins).
In eIF4E gene silencing experiments, when transfection efficiency was lower than
70%, the cells were separated using GFP fluorescence by a MoFlo cell sorter
(DAKO Cytomation). Viral RNPs were reconstituted as previously described
(44).

Western blotting. Western blotting was done as described previously (1). The
following primary antibodies were used: a mixture of four rabbit polyclonal
antibodies (1:8,000 each) was used for translation initiation factor eIF4GI (1), a
monoclonal antibody from Transduction Laboratories (1:2,000) was used for
eIF4E, monoclonal antibodies 2 and 14 (1:20 each) (28) were used for PA, a rat
polyclonal antibody (1:1,000) (a gift of J. Ortı́n) was used for PB1, monoclonal
antibodies 8 and 28 (1:100 each) (28) were used for PB2, a rat polyclonal
antibody (1:1,000) (a gift of J. Ortı́n) was used for the NP protein, and a rabbit
polyclonal antibody (1:10,000) (1) was used for the NS1 protein. For �-actin, a
mouse monoclonal antibody (1:50,000) from Sigma was used; for 4E-BP1, a
rabbit polyclonal antibody (1:1,000) from Cell Signaling Technology was used;
for GAPDH (glyceraldehyde-3-phosphate dehydrogenase), a rabbit polyclonal
antibody (1:5,000) was used; for RNA polymerase II, a mouse monoclonal
antibody (1:500) from Covance was used; for HA, a mouse monoclonal antibody
(1:1,000) from Abcam was used; and for total eIF2�, a rabbit polyclonal antibody

from Santa Cruz (1:2,000) was used, and for its phosphorylated form (eIF2�
[pS52]), a rabbit polyclonal antibody from Biosource (1:200) was used.

Immunofluorescence. HEK293T or HeLa cells were fixed, permeabilized, and
incubated with the following primary antibodies: anti-NP (1:2,000), anti-corona-
virus S protein (1:20) (a gift of L. Enjuanes), anti-GFP (1:1,000), and anti-HA
(1:1,000 or 1:500 when using monoclonal or polyclonal antibodies, respectively).
Microscopy was performed with a Leica DMRX epifluorescence microscope or
with a Bio-Rad Radiance 2100 confocal laser scanning system on a Zeiss Axio-
vert 200 microscope.

Analysis of viral proteins associated with translation initiation complexes.
HEK293T cells were mock or influenza virus infected, and at 7 h postinfection
(hpi), the cells were collected and lysed in buffer A (150 mM NaCl, 1.5 mM
MgCl2, 10 mM Tris-HCl [pH 8.5], 0.2% Igepal) with protease (complete) and
phosphatase (5 mM Na3VO4, 5 mM �-glycerophosphate, 5 mM sodium molib-
date) inhibitors plus the RNase inhibitor human placenta RNAse inhibitor
(1:1,000). The lysate was centrifuged at 10,000 � g, and the supernatant was
loaded into a 7 to 47% sucrose gradient and centrifuged for 14 h at 24,000 rpm
at 4°C in a SW41Ti (Beckman) rotor. Fractions were collected from the top of
the gradient and resuspended in Laemmli sample buffer or used for immuno-
precipitation studies. For coimmunoprecipitation, the corresponding fractions
were extensively dialyzed in buffer A without detergent and incubated with
specific anti-eIF4GI antibody or preimmune serum as reported previously (1).
The immunocomplexes were washed five times with buffer A and analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and Western
blotting.

To analyze the association of influenza virus polymerase subunits with trans-
lation initiation complexes and to study the contribution of viral mRNA to this
association, p100 plates of HEK293T cells were transfected with 3 �g of plasmids
pCMVPB1�UTR and pCMVPB2�UTR and 0.6 �g of plasmid pCMVPA�UTR
without the 5� and 3� influenza virus UTR sequences. Sixteen hours later, cyto-
solic extracts were prepared in buffer A containing proteases, phosphatases, and
RNase inhibitors; after centrifugation at 10,000 � g, the supernatants were
collected and used for coimmunoprecipitation studies as described above.

Cap-binding assays. HEK293T cells were left untransfected or were trans-
fected with empty plasmid or plasmids expressing wild-type or mutated 4E-BP1
proteins. Next, they were mock or influenza virus infected. At different times, the
cells were collected and lysed in buffer A with proteases, phosphatases, and
RNase inhibitors as described above. The lysates were centrifuged at 10,000 � g,
and the supernatants were incubated with Sepharose-m7GTP (Amersham) or
Sepharose-4B (Sigma), as a negative control, overnight at 4°C. The resins were
washed five times with buffer A, resuspended in Laemmli sample buffer, and
analyzed by SDS-polyacrylamide gel electrophoresis and Western blotting.

Metabolic labeling. For continuous labeling, HEK293T cells that were mock
infected or infected with the VIC strain of influenza virus were incubated with
medium containing 30 �Ci/ml of [35S]Met-Cys during the last 4 to 5 h of
infection. For pulse experiments, 100 �Ci/ml of [35S]Met-Cys was added during
30 min or 1 h at the indicated times.

RESULTS

Influenza virus polymerase associates with translation ini-
tiation complexes. To study whether viral polymerase is in-
volved in viral mRNA translation, we tested if the polymerase
complex associates with translation initiation complexes. In the
infected cell, influenza virus polymerase can be found as a
trimeric complex or as ribonucleoproteins together with the
nucleoprotein and the viral RNA. Previous reports have shown
that a cytoplasmic extract from influenza virus-infected cells
depleted of nucleocapsids and subjected to centrifugation on a
sucrose gradient allows the characterization of polymerase
subunits not associated with viral nucleocapsids (11). Further-
more, using specific antibodies against different polymerase
subunits, it has been shown that the three polymerase subunits
not present in RNPs were found together in complexes ranging
from about 11S to 22S (11). Thus, to separate viral polymerase
from viral RNPs, we performed a sucrose gradient separation
of cytoplasmic extracts of either mock- or influenza virus-in-
fected HEK293T cells with the VIC strain. First, to control the
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effectiveness of the subcellular fractionation, Western blot as-
says using specific antibodies against nuclear (RNA polymer-
ase II) and cytosolic (GAPDH) proteins were performed. The
results (Fig. 1A) show that the cytosolic fraction used in this

study is free of nuclear proteins. Analysis of viral proteins in
the sucrose gradients (Fig. 1B) using either in vivo metabolic
labeling with [35S]Met-Cys or Western blot assays showed that
PA, PB1, PB2, NP, and NS1 were mainly present in two re-

FIG. 1. Separation of influenza virus polymerase from viral RNPs. HEK293T cells were mock or influenza virus infected for 7 h with the VIC
strain at 5 to 10 PFU/cell. (A) Subcellular fractionation. Nuclear (N) and cytosolic (C) fractions from total extracts (T. Ext.) were separated and
analyzed by Western blotting with specific antibodies against RNA polymerase II (RNAP II) or GAPDH. (B) Separation of viral polymerase
subunits from viral RNPs. HEK293T cells were labeled in vivo during the last 4 h of infection (Promix; Amersham). Next, the cells were collected
and processed as described in Materials and Methods, and the labeled proteins were analyzed by autoradiography ([35S]Met-Cys). Samples of the
same fractions were analyzed by Western blotting with specific antibodies against the indicated proteins. (C) Viral RNP expressing NS1 was
reconstituted in vivo and processed as described above (B). The corresponding proteins were analyzed by Western blotting.
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gions of the gradient. These were fractions 2 to 8, which rep-
resent free proteins and viral polymerase free of RNPs, and
fractions 9 to 17, which represent viral RNPs. The eIF4E and
eIF4GI proteins of the translation initiation factor eIF4F were
mainly present between fractions 1 and 9. Additional informa-
tion about RNP distribution in sucrose gradients was obtained
when an individual viral RNP was reconstituted as previously
reported (44), using a model viral RNA encoding NS1 (Fig.
1C). A clear separation was found between the migration of
this small viral RNP that begins in fraction 10 and the poly-
merase subunits not associated with RNPs, as reflected by the
near absence of NP protein in fractions previous to fraction 10
(Fig. 1C). Combining these data with the distribution pattern
of the rRNA measured by the absorbance at 260 nm (data not
shown), we decided to join fractions 7 to 9 of the sucrose
gradients. These fractions contain part of the translation
preinitiation complexes and viral polymerase, and in addition,
they would be almost free of viral RNPs. The fractions were
dialyzed and used for coimmunoprecipitation assays with an-
tibodies against eIF4GI, analyzing the presence of polymerase
subunits in the immunocomplexes. The results (Fig. 2A) show
that the three subunits were specifically coimmunoprecipitated
with the eIF4GI protein but not with a preimmune control
antibody. The presence of viral NP and NS1 proteins was also
examined: whereas NS1 was coimmunoprecipitated, NP was
absent, indicating that the presence of polymerase in the im-
munocomplexes is not due to RNP contamination.

To exclude that NS1 could work as a link between the poly-
merase and the translation initiation complexes, similar exper-
iments were carried out in HEK293T cells infected with an
influenza virus-rescued virus lacking NS1 (delNS1). Infection
with PR8, the parental strain of delNS1, was used as a control.
Similar to infection with the VIC strain, the polymerase sub-
units of both delNS1 (Fig. 2B) and PR8 (data not shown) were
capable of associating with eIF4GI. Again, the NP protein was
absent in the eIF4GI immunocomplexes. These results indi-
cate that viral polymerase associates with translation preinitia-
tion complexes independently of the presence of the NS1 pro-
tein and the viral strain used.

To further characterize the association of viral polymerase
with translation initiation complexes outside the context of
viral infection, we coexpressed PB1, PB2, and PA polymerase
subunits in HEK293T cells and performed coimmunoprecipi-
tation assays. Moreover, to study the contribution of viral
mRNAs to the association, we used plasmids that express the
polymerase subunits but that do not contain the 5� and 3� UTR
sequences of influenza virus mRNAs, and therefore, viral
mRNAs were not present in the assay. The results are pre-
sented in Fig. 2C. The three polymerase subunits were found in
the immunocomplexes together with the eIF4GI protein, al-
though the efficiency of coimmunoprecipitation was lower than
that obtained when influenza virus-infected cells were used.
This could be due to the fact that not all the coexpressed
polymerase subunits are forming polymerase complexes, since
an important fraction remains as free subunits. Nevertheless,
these results indicate that PB1, PB2, and PA coimmunopre-
cipitate with eIF4GI in the absence of viral mRNAs, corrob-
orating the finding that polymerase subunits interact with
translation initiation complexes and indicating that viral
mRNA is not required for this association.

Translation of influenza virus mRNAs occurs under condi-
tions of functional impairment of cellular cap-binding protein
eIF4E. The above-described results raised the possibility that
viral polymerase could replace the cellular cap-binding protein
eIF4E. This replacement would allow the translation of viral
mRNAs without the contribution of this cellular factor. This
possibility was examined using three different approaches.

(i) Translation of influenza virus mRNAs is rapamycin in-
sensitive. The mTOR protein kinase regulates protein syn-
thesis through the phosphorylation and inactivation of the
repressor of cap-dependent translation, the 4E-binding pro-
tein (4E-BP), and through the phosphorylation and activa-
tion of S6 kinase. Phosphorylation of 4E-BP is inhibited in

FIG. 2. Influenza virus polymerase subunits associate with transla-
tion initiation complexes. (A) Cytosolic extracts from mock-infected or
VIC-infected HEK293T cells were applied to sucrose gradients and
processed as described in Materials and Methods. Samples were used
for immunoprecipitation studies (Ip) using specific antibodies against
the eIF4GI protein (I) or the preimmune serum (C). (B) HEK293T
cells were infected with the delNS1 strain, and cytosolic extracts were
immunoprecipitated as described above (A) to analyze the associated
proteins by Western blotting. (C) HEK293T cells were untransfected
(MOCK) or cotransfected with plasmids expressing PB1, PB2, and PA
(PB1�PB2�PA), and cytosolic extracts were prepared and immuno-
precipitated with eIF4GI antiserum as described above. The polymer-
ase proteins associated with eIF4GI were analyzed by Western
blotting.
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vivo by the drug rapamycin, leading to a reduction in cap-
dependent translation (reviewed in reference 24). HeLa
cells were preincubated with or without rapamycin at a
concentration of 20 ng/ml in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum for
12 h. To control the effectiveness of the drug, we analyzed
the degree of phosphorylation of 4E-BP1 and observed
bands with higher electrophoretic mobility corresponding to
more dephosphorylated isoforms upon rapamycin treatment
(Fig. 3A). For loading controls in Western blots, we ana-
lyzed the �-actin protein, whose half-life is greater than
100 h (7). No variations were found in its accumulation
levels after the drug treatment. Treated and untreated cells
were subsequently infected with influenza virus in the pres-
ence or absence of the drug. At different hpi, the cells were
metabolically labeled with [35S]Met-Cys for 30 min, and the
synthesized proteins were analyzed by SDS-polyacrylamide

denaturing gels (Fig. 3B). In agreement with previous re-
sults (3, 39), rapamycin led to a reduction in global protein
synthesis in mock-infected cells of approximately 50% (mea-
sured by label quantitation). In contrast, efficient viral pro-
tein translation was observed under these conditions. To
estimate the effect of rapamycin on the protein synthesis of
defined proteins, we selected an abundant cellular protein
and the viral polymerase subunits to perform quantitative
analysis. The results (Fig. 3C) show that the synthesis of the
cellular protein in cells treated with rapamycin is around
30% of the synthesis in control cells. In contrast, the syn-
thesis of viral polymerase is unaffected under these condi-
tions, indicating that viral translation is insensitive to drug
treatment.

To investigate the action of rapamycin upon influenza virus
infection in a more-biological system, we performed similar
experiments in A549 lung epithelial cells. The results (Fig. 3D)

FIG. 3. Influenza virus infection progresses efficiently in rapamycin-treated cells. (A) HeLa cells treated with (�) or without (�) rapamycin for
12 h were subjected to Western blotting against 4E-BP1 or actin. (B) HeLa cells treated with (�) or without (�) rapamycin for 12 h were mock
infected (MOCK) or infected with the VIC strain, maintaining the rapamycin condition. At the indicated hpi, the cells were metabolically labeled,
and the proteins were analyzed by SDS-polyacrylamide gels and autoradiography. (C) Quantitation of the incorporated label in specific cellular
and viral proteins (marked with asterisks) from B. (D) A549 cells treated with (�) or without (�) rapamycin were processed as indicated
above (B).
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showed that at early times, such as 3 hpi, the translation of viral
proteins is partially affected, but as the infection proceeds, viral
translation takes place efficiently in the rapamycin-treated
cells. These results indicate that viral infection can progress
properly in different types of cells under conditions of impaired
cellular translation.

(ii) Translation of influenza virus mRNAs is not affected in
eIF4E-silenced cells. The next approach was the use of gene-
silencing experiments using RNA interference. With this aim,
HEK293T cells were transfected with a control silencing plas-
mid (pSUPER-GFP-TM) or with a plasmid specific for eIF4E
silencing (pSUPER-GFP-4E). To avoid the contribution of
eIF4E from untransfected cells, they were sorted 12 h after
transfection by using GFP fluorescence. Selected cells were
plated again and infected with influenza virus 36 h posttrans-
fection. At the indicated hpi, aliquots were used for Western
blotting, metabolic labeling with [35S]Met-Cys, and immuno-
fluorescence studies. As can be seen in Fig. 4A, the eIF4E-
silencing plasmid efficiently decreased the accumulation levels
of the eIF4E protein compared with the control plasmid. The
recognition of the interfering double-stranded RNA by oli-
goadenylate synthetase (2�,5�-oligoadenylate synthetase) and
PKR pathways of the innate cellular defense system could
result in nonspecific translation inhibition (12) due to the gen-
eral RNA degradation or phosphorylation of the eIF2� factor,
respectively. The integrity of the cellular RNA was evaluated
by ethidium bromide staining of total RNA isolated from
transfected HEK293T cells, and no degradation was observed
under any experimental condition (data not shown). On the

other hand, the down-regulation of eIF4E did not increase the
degree of phosphorylation of the eIF2� protein (Fig. 4A).
Similar accumulation levels of the eIF2� protein were ob-
tained in control and silenced cells using an antibody that
recognizes total levels of the eIF2� protein (Fig. 4A). These
results indicate that the activation of neither PKR nor oligo-
adenylate synthetase pathways takes place in our gene-silenc-
ing conditions. Total protein synthesis upon eIF4E silencing is
shown in Fig. 4A. As a loading control, we used the accumu-
lation of total eIF2�. Quantitation analysis showed that trans-
fection with plasmid pSUPER-GFP-4E significantly inhibited
the translation of cellular mRNAs, presenting a 30 to 35%
reduction compared with the translational rate of control cells.
This inhibition is in agreement with data from previous reports
analyzing either total cellular protein synthesis (13) or the
translation of defined cellular mRNAs (42). In contrast, the
synthesis of viral proteins (Pol, NP, NS1, and M1) was unaf-
fected. To estimate the effect of eIF4E silencing on the protein
synthesis of defined proteins, we selected cellular and viral
(HA and neuraminidase) proteins to perform a quantitative
analysis. The results in Fig. 4B show that the synthesis level of
the cellular protein in eIF4E-silenced cells is around 50% of
the synthesis in control cells, whereas the synthesis of viral
proteins is unaffected, indicating that viral translation occurs
normally upon eIF4E silencing. Immunofluorescence studies
were also carried out, and we observed that influenza virus
infection takes place in eIF4E-silenced cells with normal ki-
netics of viral RNP production and export (data not shown).

FIG. 4. Gene silencing of the eIF4E factor does not affect influenza virus protein synthesis but inhibits cellular protein translation. HEK293T
cells were transfected with control pSUPER-GFP-TM (TM) or pSUPER-GFP-4E (4E) plasmids. Twelve hours after transfection, the cells were
selected by cell sorting using the GFP fluorescence and plated again. Thirty six hours posttransfection, cells were infected with influenza virus.
(A) At the indicated hpi, aliquots were taken and used for Western blotting against the indicated proteins and metabolic labeling with
[35S]Met-Cys. (B) Quantitation of the incorporated label in specific cellular and viral proteins (marked with asterisks) from the [35S]Met-Cys panel.
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(iii) Overexpression of constitutively unphosphorylated 4E-
BP1 does not prevent the translation of influenza virus
mRNAs. The eIF4E-binding proteins (4E-BPs) are a family of
three small polypeptides that inhibit cap-dependent translation
by binding to eIF4E and obstructing its interaction with eIF4G
(22). The binding of the 4E-BPs to eIF4E is reversible:
whereas hypophosphorylated 4E-BPs bind avidly to eIF4E,
4E-BP hyperphosphorylation abrogates this interaction (for a
review, see reference 23). Five mTOR-dependent phosphory-

lation sites have been identified in 4E-BP1: T37, T46, S65, T70,
and S83 (16). Phosphorylation of the first four sites is required
for the release of 4E-BP1 from eIF4E (40). To analyze the
effect of eIF4E sequestration on influenza virus mRNA trans-
lation, we infected HEK293T cells previously transfected with
plasmids expressing HA-tagged wild-type 4E-BP1 or a non-
phosphorylatable 4E-BP1 mutant with alanine substitutions at
T37, T46, S65, and T70 (HA-4E-BP1 4A). The 4E-BP1 mutant
associates with eIF4E very strongly, prevents the formation of

FIG. 5. Overexpression of HA-4E-BP1 proteins does not affect influenza virus infection in HEK293T cells. (A) HEK293T cells were untrans-
fected (M) or transfected with plasmids expressing HA-tagged wild-type 4E-BP1 (WT) or nonphosphorylatable 4E-BP1 (4A) protein. At 36 h
posttransfection, total cell extracts (T.ext.) were used to study eIF4GI, eIF4E, and HA–4E-BP1 (HA) retention either to cap resins or to
Sepharose-4B control resins (ctrl-resin) by Western blotting. Quantitation of eIF4GI protein retained on the cap resins is shown on the right.
(B) HEK293T cells were transfected with plasmid pcDNA3-HA-4E-BP1 wt or pcDNA3-HA-4E-BP1 4A, and 36 h posttransfection, the cells were
mock or influenza virus infected with either the VIC (top) or delNS1 (bottom) strain. At the indicated hpi, cells were fixed and used for
immunofluorescence using antibodies against HA to monitor plasmid transfection and NP protein to monitor influenza virus infection. Asterisks
indicate transfected and infected cells. DAPI, 4�,6�-diamidino-2-phenylindole.
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the eIF4E/eIF4G complex, and impairs protein translation (37,
47). Previous studies reported that the binding of eIF4E to cap
structures occurs normally upon its binding to the 4E-BP pro-
tein (47, 54). To analyze the dissociation of the eIF4E-eIF4G
complex caused by 4E-BP1 overexpression, we performed
eIF4E pull-down assays using m7GTP resins. As can be ob-
served in Fig. 5A, similar amounts of eIF4E bound to the resin
were found under the different experimental conditions. How-
ever, the amount of eIF4GI bound to the cap resin clearly
diminished upon the overexpression of both forms of HA-4E-
BP1. Quantitative data for eIF4GI retention are shown in Fig.
5A (right). Next, the course of infection of HEK293T cells
previously transfected with the corresponding HA-4E-BP1
constructs was analyzed by immunofluorescence. The results
(Fig. 5B) show that the overexpression of wild-type or mutated
4E-BP1 proteins had no effect on viral infection. To exclude
the possible contribution of NS1 to this process, HEK293T
cells were transfected as described above and infected with the
delNS1 virus. Immunofluorescence studies (Fig. 5B) show that
influenza virus infection with delNS1 virus proceeds equally
under all conditions used.

To obtain a functional control for the impairment of regular
viral 4E-dependent translation, we performed similar experi-
ments using a human coronavirus (HCoV-229E) to infect cells
transfected with the different HA–4E-BP1 constructs. Corona-
virus genome replication takes place exclusively in the cyto-
plasm. Its genome is a positive-stranded RNA that contains an
m7GpppN cap structure at the 5� end of the mRNA and ini-
tiates translation in a cap-dependent manner (15, 33). As the
human coronavirus does not grow efficiently in HEK293T cells,
we used HeLa cells for this experimental approach. HeLa cells
were then transfected with wild-type HA–4E-BP1 or HA-4E-
BP1 4A plasmids, and at 36 h posttransfection, the cells were
infected with either influenza virus (data not shown) or human
coronavirus (Fig. 6). As previously observed for HEK293T
cells, influenza virus infection in transfected HeLa cells was
unaffected. Infection with human coronavirus in cells that
overexpressed wild-type HA–4E-BP1 was partially affected.
Moreover, in coronavirus-infected HeLa cells expressing the
mutant HA–4E-BP1 protein, the infection was severely im-
paired (Fig. 6). A quantitation of influenza virus and corona-
virus infection in HeLa cells transfected with the different
HA–4E-BP1-expressing plasmids is presented in Fig. 6C. More
than 120 transfected and untransfected cells of the same plate
were counted for every experimental condition, and the exper-
iment was performed three times. As can be observed, influ-
enza virus infection progressed normally under all experimen-
tal conditions. In contrast, coronavirus infection efficiency was
reduced from 88% in nontransfected cells to 58% and to 12%
in cells transfected with the wild-type or mutated forms of the
HA–4E-BP1 protein, respectively. Collectively, these results
indicate that the translation of influenza virus mRNAs can take
place under conditions where the availability of the cap-bind-
ing protein eIF4E is compromised and suggest that their trans-
lation could be eIF4E independent.

Translation initiation factor eIF4GI is recruited to cap res-
ins in influenza virus-infected cells with a reduced availability
of the eIF4E factor. (i) Viral cytosolic polymerase is retained
by cap resins. Influenza virus polymerase is associated with
translation initiation complexes (Fig. 2), and viral infection

occurs normally in cells with reduced eIF4E activity and im-
paired cap-dependent translation (Fig. 3 to 6). Consequently,
we asked whether eIF4GI associates with cap structures under
conditions of low eIF4E accessibility in influenza virus-infected
cells. Since the nuclear PB2 subunit has the ability to recognize
and bind type 1 cap structures (4), we previously assayed if viral
polymerase present in the cytosol maintained the cap-binding
capacity. Thus, we assayed the retention of the viral polymer-
ase by m7GTP affinity columns (Fig. 7A). The three polymer-
ase subunits were retained on these columns and were absent
in the Sepharose-4B control columns. None of the resins re-
tained viral NP protein, whereas m7GTP affinity columns spe-
cifically retained both eIF4E and eIF4GI translation factors

FIG. 6. Overexpression of underphosphorylated 4E-BP1 protein
impairs human coronavirus infection. HeLa cells were transfected with
plasmid pcDNA3-HA-4E-BP1 wt (A) or pcDNA3-HA-4E-BP1 4A
(B), and 36 h posttransfection, the cells were mock or coronavirus
infected. At the indicated hpi, cells were used for immunofluorescence
using antibodies against HA to monitor plasmid transfection and S
protein to monitor coronavirus infection. Asterisks indicate trans-
fected and infected cells. # indicates cells that were transfected but
uninfected. DAPI, 4�,6�-diamidino-2-phenylindole. (C) Quantitation
of the efficiency of infection in untransfected cells (�) and in pcDNA3-
HA-4E-BP1 wt (WT)- or pcDNA3-HA-4E-BP1 4A (4A)-transfected
cells subsequently infected with influenza virus (data not shown) or
human coronavirus HCoV-229E.
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(data not shown). These results indicate that viral polymerase
present in the cytosol can associate with cap analogs.

(ii) Influenza virus infection enhances the recruitment of
eIF4GI to cap resins under conditions of low eIF4E availabil-
ity. To study whether eIF4GI is recruited to cap structures
during infection under conditions of limiting amounts of free
eIF4E, HEK293T cells were transfected with the control empty
plasmid pcDNA3-HA or with the different HA–4E-BP1 con-
structs and infected with influenza virus. At different times
postinfection, cytosolic extracts were prepared and used to

analyze eIF4GI binding to cap analogs. The results are shown
in Fig. 7B. Detection of transfected HA–4E-BP1 proteins in
total extracts using anti-HA antibodies showed the presence of
HA–4E-BP1 forms with lower electrophoretic mobility under
conditions of wild-type HA–4E-BP1 overexpression compared
with the overexpression of the HA–4E-BP1 4A construct (Fig.
7B). In agreement with the mutations at T and S residues
inserted into the HA–4E-BP1 4A mutant, these forms would
correspond to 4E-BP1 isoforms with a lower degree of phos-
phorylation. On the other hand, PA, PB2 (Fig. 7B), and PB1

FIG. 7. Influenza virus infection enhances the recruitment of eIF4GI to cap resins. (A) Cytosolic extracts (T. Ext.) of mock-infected (M) or
influenza virus-infected (5 and 8 hpi) HEK293T cells were applied to m7GTP-Sepharose resins (cap resins) or to Sepharose-4B control resins
(ctrl-resins), and the indicated proteins were analyzed by Western blotting. (B) HEK293T cells were transfected with plasmid pcDNA3-HA (HA),
pcDNA3-HA-4E-BP1 wt (WT), or pcDNA3-HA-4E-BP1 4A (4A), and 36 h posttransfection, the cells were mock (M) or influenza virus infected
(5 hpi). Cytosolic extracts (T. Ext.) were prepared and applied to m7GTP-Sepharose resins (cap-resin). Retention of the indicated proteins was
evaluated by Western blot analysis, and quantitation is shown on the right (means and standard deviations). (C) Experiment similar to that
performed in B but using recombinant delNS1 influenza virus. On the right side, the quantitation of the eIF4GI protein retained in the cap resins
as described in the text is shown.
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(data not shown) influenza virus proteins were bound to cap
resins in infected cells. In uninfected cells, the overexpression
of HA–4E-BP1 induced the dissociation between eIF4E and
eIF4G as indicated by the decreased levels of eIF4G retained
in the cap resin in this situation. This decreased retention was
attenuated by infection (5 hpi). Quantitation of the retained
eIF4GI protein coming from three different experiments (Fig.
7, right) indicated that influenza virus infection increased 54%
and 75% the presence of eIF4GI in the cap resins in cells
transfected with the wild-type or mutated forms of the HA-
4EBP1 protein, respectively. To eliminate the possible contri-
bution of NS1 in eIF4GI binding to the cap resin, similar
experiments were carried out using the recombinant influenza
delNS1 virus. Analogous results were found in this situation,
indicating that NS1 is not involved in the observed cap-eIF4GI
binding (Fig. 7C). The experiment was repeated twice, and
quantitation of the retained eIF4GI from a representative ex-
periment is shown in Fig. 7C (right). These results indicate that
under conditions of decreased eIF4GI-eIF4E association,
eIF4GI of influenza virus-infected cells is retained efficiently
on cap resins in an NS1-independent way, suggesting that viral
polymerase can act as a link between eIF4GI and cap struc-
tures.

DISCUSSION

Many viruses have developed varied and sophisticated
mechanisms to specifically repress cellular mRNA translation
and concomitantly allow the selective translation of viral
mRNAs. Translation initiation of most cellular mRNAs re-
quires the cap-binding complex eIF4F. This circumstance has
provided viruses with exceptional opportunities to develop spe-
cific translation mechanisms that circumvent or decrease the
requirement for this complex. Thus, viruses frequently inacti-
vate the cap initiation complex by altering some of its key
components.

Different viral mechanisms are used to efficiently translate
viral mRNAs. A wide range of picornaviruses have mRNAs in
which initiation occurs downstream of the 5� end, on internal
ribosome entry sites, allowing cap-independent initiation.
These picornaviruses encode a protease that cleaves the eIF4G
protein into two polypeptides and separates the eIF4E-binding
domain from the eIF3-binding domain. This causes the uncou-
pling of cellular mRNA recognition (via the cap structure and
the eIF4E protein) and small ribosomal subunit recruitment
(via ribosome-bound eIF3), thereby impairing cap-dependent
initiation (for reviews, see references 6 and 50).

Among the viruses whose mRNAs possess a cap structure, a
well-understood example is the case of rotavirus (a double-
stranded RNA virus), which encodes mRNAs that are capped
but not polyadenylated. The viral nonstructural protein NSP3
binds to eIF4G and the 3� end of rotavirus mRNAs, disrupting
the eIF4G-PABP1 interaction that stimulates initiation and
thereby inhibits cellular mRNA translation (45). Surprisingly,
the list of viruses whose mRNAs hold a 5� cap structure and
show an unexpected low dependence of the functionally active
eIF4E factor is growing quickly. Infection with adenovirus pro-
vokes robust eIF4E dephosphorylation, which is consistent
with its inhibition of host protein synthesis. This virus encodes
a 100-kDa protein that binds to eIF4G and displaces the

eIF4G-Mnk1 interaction, thus eliminating the ability to phos-
phorylate eIF4E (9). Adenovirus promotes selective transla-
tion through a cap-dependent translation mechanism known as
ribosome shunting. In this case, there is a loading of 40S
ribosome subunits onto the mRNA and then a translocation of
40S ribosome subunits to the initiation codon (50, 53). Infec-
tion with vesicular stomatitis virus produces the dephosphor-
ylation of the eIF4E and 4E-BP1 proteins, which results in a
reduced eIF4E-eIF4G association (8). An alternative transla-
tion mechanism has not yet been described for this virus. Re-
cently, it has been reported that dengue virus translation takes
place under conditions of limited amounts of eIF4E where
cap-dependent translation is compromised (13). In this case, it
has been proposed that a decrease in the concentration of
eIF4E prompts a reorganization of the viral RNP complexes
bridging the 5� and 3� UTRs, allowing the recruitment of fac-
tors such as eIF4G and bypassing the requirement for the
eIF4E factor (13).

Translation of influenza virus mRNAs. Translation of cel-
lular mRNAs is strongly inhibited in influenza virus-infected
cells. Some of the viral activities preclude the translation of de
novo-synthesized cellular mRNAs. Thus, infection decreases
the synthesis of cellular mRNAs, probably as a consequence of
virally induced cap-snatching activity, and inhibits the nucleo-
cytoplasmic transport of cellular mRNAs (32). Later in the
infection, there is cytoplasmic degradation of cellular mRNAs
(2, 29). Additionally, the virus has developed mechanisms to
discriminate and selectively translate its 5�-capped and 3�-
polyadenylated mRNAs among previously accumulated cellu-
lar mRNAs. As mentioned previously, the NS1 protein has an
important role in the efficient translation of late viral mRNAs.
However, in view of the phenotypes exhibited by several NS1
mutant viruses, other viral mechanisms need to operate to
discriminate and efficiently translate viral mRNAs.

The fact that influenza virus infection cannot proceed in
poliovirus-infected cells where the eIF4G initiation factor is
cleaved (20) has traditionally led to the concept that influenza
virus translation initiation occurs using the full eIF4F complex
(eIF4E, eIF4G, and eIF4A) bound to capped viral messengers.
Since viral polymerase binds to cap structures, we have con-
sidered that this association could block eIF4E accessibility to
the cap. Here, we provide data indicating that viral translation
occurs under various conditions of impairment of functional
eIF4E such as rapamycin treatment, eIF4E gene silencing, and
overexpression of constitutively underphosphorylated 4E-BP1.
Additional data support the independence of viral mRNA
translation of a fully active eIF4E factor. First, coinfection of
influenza virus and adenovirus can simultaneously occur de-
spite the strong dephosphorylation of eIF4E that causes ade-
novirus infection. Moreover, influenza virus infection also pro-
duces eIF4E dephosphorylation (18, 30). In line with the role
of eIF4E dephosphorylation, adenovirus infection promotes
the inhibition of host protein synthesis. Phosphorylation of
eIF4E strongly correlates with the rate of translation in many
systems, although its reduced phosphorylation does not affect
the rate of translation in certain situations (49). Second, the
expression of the antiviral molecule ISG15 and protein modi-
fication by ISG15 (ISGylation) are strongly activated by inter-
feron and viral infection. It has been reported that as early as
3 days after infection, influenza virus-infected mice express
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large amounts of both free ISG15 and ISG15 conjugates in the
lung (35). Very recently, it has been shown that 4EHP is
modified by ISG15 and ISGylated (41). 4EHP is an mRNA 5�
cap-binding protein expressed ubiquitously and acts as a trans-
lation suppressor of cap-dependent translation by competing
with eIF4E for binding to the cap structure. The ISGylation of
4EHP drastically increases its cap-binding activity, suggesting
that 4EHP may play an important role in the regulation of
cap-dependent translation (41). These data indicate that influ-
enza virus mRNAs would be translated even under conditions
of high competition of eIF4E binding to cap structures due to
ISGylation of the 4EHP protein.

We have shown that viral polymerase binds to translation
initiation complexes (Fig. 2) and that influenza virus infection
triggers the eIF4G association with cap structures (Fig. 7).
Collectively, these results support a model in which influenza
virus polymerase, bound to the viral 5� UTR common se-
quence, would remain associated with the capped 5� end of the
viral mRNAs, avoiding the replacement by eIF4E and recruit-
ing translation initiation complexes. In this context, it should
be mentioned that m7GTP is a 200-fold-less-potent cap-bind-
ing inhibitor with influenza virus polymerase than with eIF4E
factor (27), suggesting that viral polymerase binds to cap struc-
tures with greater affinity than eIF4E does. Although viral
polymerase associates with eIF4GI-containing complexes, the
direct partner of the viral polymerase among the translation
initiation factors still remains unknown, and we are conducting
experiments to elucidate the possible role of eIF4GI in this
association. In addition, the interaction of NS1 with the trans-
lation initiation factors eIF4GI and PABP1 could help the
formation of a “closed loop” between the 5� and 3� ends of the
viral mRNA. Thus, both activities would cooperate actively to
recruit translation initiation complexes and would enhance the
efficiency of viral mRNA translation. At the initial step of
infection, virion RNPs are transported into the nucleus, where
they start viral transcription and replication. Viral mRNAs
from primary transcription are then translated to generate new
polymerase subunits and NP protein to perform influenza virus
genome amplification. Previous studies have shown that the
viral polymerase complex not associated in viral RNPs can be
detected in the cytoplasm of infected cells at approximately 2.5
to 3.5 hpi (11). Thus, it is conceivable that translation at very
early times postinfection takes place without the contribution
of viral proteins, and as the infection proceeds and the eIF4E
factor becomes dephosphorylated, the viral polymerase local-
ized in the cytoplasm helps to recruit translation initiation
complexes to viral mRNAs. This proposal is in agreement with
the partial impairment of viral protein synthesis observed at
early times postinfection in influenza virus-infected cells
treated with rapamycin (Fig. 3). Further characterization of the
role of polymerase in viral translation could facilitate an un-
derstanding of the underlying mechanisms involved in the pref-
erential translation of viral mRNAs during influenza virus
infection.

Concluding remarks. Unlike other alternative viral transla-
tion mechanisms that elude cap utilization, here, we propose
an alternative cap-dependent way to initiate influenza virus
mRNA translation. The results presented showing normal pro-
gression of influenza virus infection during functional impair-
ment of cap-binding eIF4E factor are in agreement with a

growing list of reports pointing out the reduced dependence of
the cellular cap-binding factor for viral cap mRNA translation
exerted by different viruses with 5� cap structures (adenovirus,
vesicular stomatitis virus, and dengue virus). They also appear
to indicate that this mechanism is more widespread than pre-
viously thought and could be a system developed by certain
viruses to evade the requirement of a fully active cap initiation
complex, contributing to the repression of host cell mRNA
translation.
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