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Introduction

The assembly, nuclear export, and translation of messenger ribo-
nucleoproteins (mRNPs) are indispensable for gene expression. 
The emergence of the nuclear envelope during evolutionary his-
tory separated the genetic material that is transcribed into mes-
senger RNA (mRNA) from that of the cytoplasmic translational 
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The flow of genetic information from sites of transcription 
within the nucleus to the cytoplasmic translational machinery 
of eukaryotic cells is obstructed by a physical blockade, the 
nuclear double membrane, which must be overcome in 
order to adhere to the central dogma of molecular biology, 
DNA makes rNA makes protein. Advancement in the field of 
cellular and molecular biology has painted a detailed picture 
of the molecular mechanisms from transcription of genes to 
mrNAs and their processing that is closely coupled to export 
from the nucleus. The rules that govern delivering messenger 
transcripts from the nucleus must be obeyed by influenza A 
virus, a member of the Orthomyxoviridae that has adopted 
a nuclear replication cycle. The negative-sense genome of 
influenza A virus is segmented into eight individual viral 
ribonucleoprotein (vrNP) complexes containing the viral 
rNA-dependent rNA polymerase and single-stranded rNA 
encapsidated in viral nucleoprotein. influenza A virus mrNAs 
fall into three major categories, intronless, intron-containing 
unspliced and spliced. During evolutionary history, influenza 
A virus has conceived a way of negotiating the passage of viral 
transcripts from the nucleus to cytoplasmic sites of protein 
synthesis. The major mrNA nuclear export NXF1 pathway is 
increasingly implicated in viral mrNA export and this review 
considers and discusses the current understanding of how 
influenza A virus exploits the host mrNA export pathway for 
replication.
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machinery, coercing mRNP complexes to undergo a dynami-
cally changing repertoire of proteins to define processing, local-
ization, and turnover of mRNAs (reviewed in ref. 1). Recent 
advances in the field have led to an understanding of the com-
plicated molecular details of metazoan mRNP formation and 
export (reviewed in refs. 2 and 3). Eukaryotic precursor mRNAs 
(pre-mRNAs) are synthesized by the DNA-dependent RNA 
polymerase II (Pol II) transcriptional machinery and then the 
recruitment of a plethora of RNA-binding and modifying pro-
teins (capping, splicing, and polyadenylation factors) orchestrate 
the successive stages in mRNP assembly. Pre-mRNAs acquire a 
7-methylguanosine cap at the 5' end and are subsequently spliced, 
cleaved, and 3' polyadenylated. Following maturation into an 
export-competent mRNP, the complex must traverse the nuclear 
pore complex (NPC) to the cytoplasm for translation, a progres-
sion that involves the recruitment of specific mediating nuclear 
export factors (reviewed in refs. 4 and 5). The NPC is a 125 
MDa macromolecular complex that is 125 nm in diameter and 
is embedded within the nuclear envelope. The NPC is formed of 
over 30 nucleoporins, a sub-class of which contain multiple Phe-
Gly (FG) repeats which interact with export factors for mediat-
ing nucleocytoplasmic transport (reviewed in refs. 6 and 7). In 
order for nuclear replicating viruses to arise and subsist, they have 
had to evolve strategies to exploit the host mRNP biogenesis and 
export pathways for ensuring that their transcripts are efficiently 
delivered to the cytoplasm for gene expression and replication of 
the virus (reviewed in refs. 8–10).

Unlike the majority of RNA viruses, the genome of influenza 
A virus, a member of the Orthomyxoviridae, is transcribed and 
replicated in the nucleus of the host cell (reviewed in refs. 11–13). 
Infection of a permissive cell begins with attachment by the viral 
haemagglutinin (HA) glycoprotein to α-2,3 or α-2,6-linked 
sialic acids on the surface of cells (Fig. 1). The virus particle 
is subsequently internalized into acidifying endosomes, which 
causes a conformational change in the haemagglutinin glycopro-
tein, exposing a fusion peptide that facilities the fusion between 
viral and endocytic membranes, releasing the viral genome into 
the cytoplasm.13 The genome of influenza A virus consists of 
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The nuclear replication cycle of influenza A virus has been 
a fundamental aspect in the evolution of the virus, permitting 
exploitation of a plethora of cellular functions that are offered by 
the nuclear compartment. In gaining admittance to the nucleus, 
influenza A virus has access to the host transcriptional machin-
ery (reviewed in refs. 11 and 12), which may provide the viral 
polymerase access to a high concentration of pre-mRNAs and 
mRNA-processing enzymes for viral transcription at sites of host 
transcription. A nuclear replication cycle has also offered the 
virus the potential to exploit the host splicing apparatus for the 
expansion of its coding capacity through the generation of spliced 
viral gene transcripts.27-34 Importantly, nuclear replication might 
allow the virus to minimize detection of its RNAs by cytoplas-
mic RIG-I-like helicases and, thus, avoid the triggering of innate 
immune responses (reviewed in refs. 35 and 36). Clearly, adop-
tion of a nuclear replication cycle has been an advantage to influ-
enza A virus; however, in deploying this tactic, the virus faces 
the challenging task of delivering viral transcripts to the cellular 

eight individual negative-sense viral RNA (vRNA) segments and 
encodes 10 major proteins and several auxiliary polypeptides.14-19 
Each RNA segment is bound by nucleoprotein (NP) and the 
250 kDa viral heterotrimeric RNA-dependent RNA polymerase 
(RdRp) consisting of polymerase basic 2 (PB2), polymerase basic 
1 (PB1), and polymerase acidic (PA) subunits to form a viral 
ribonucleoprotein (vRNP) complex (reviewed in refs. 13 and 
20–22). Incoming vRNPs are imported into the host cell nucleus 
(reviewed in ref. 23) where they are transcribed into mRNA and 
replicated via a full-length complementary replicative intermedi-
ate (cRNA) by the viral RdRp (reviewed in refs. 20, 21, 24, and 
25). Viral mRNAs are subsequently exported to the cytoplasm 
for translation to produce viral proteins. Progeny vRNPs assem-
ble in the nucleus, followed by their nuclear export in a CRM1-
dependent manner (reviewed in ref. 26) and transport across the 
cytoplasm to the cell membrane where virus assembly takes place. 
Progeny virions are released from the cell by budding, leading to 
the completion of the viral replication cycle (Fig. 1).

Figure 1. The replication cycle of influenza A virus. influenza A virus infection commences with attachment via the viral HA glycoprotein to host cell 
receptors that contain terminal α-2,3-linked or α-2,6-linked sialic acids and viral entry by receptor-mediated endocytosis. Acidification of the endo-
some causes a conformational change in the viral HA protein, exposing a fusion peptide that facilitates viral-endosome membrane fusion, releas-
ing viral rNP complexes into the host cell. viral rNP complexes are subsequently imported into the host cell nucleus, where the rdrp transcribes 
and replicates the negative sense vrNA genome. Genomic vrNA is replicated via a complementary positive-sense crNA that is encapsidated in 
nucleoprotein and the rdrp. viral mrNAs are transported to the cytoplasm by the NXF1 pathway for translation of viral proteins. Progeny viral rNP 
complexes are exported to the cytoplasm via the CrM1 export pathway and are packaged into progeny virions at cell membrane. Progeny virions 
are released by budding.
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of export-competent mRNPs and occurs co-transcriptionally 
(reviewed in refs. 45–49). Splicing is performed by the spliceo-
some, a complex of snRNA and proteins that coordinate the 
removal of introns between splice donor and acceptor sites. At 
the same time, association of pre-mRNA with an exon junc-
tion complex (EJC), composed of four key components, includ-
ing eIF4AIII, Magoh, Y14, and MLN51, can regulate the fate 
of the transcript. The EJC can influence localization, stability, 
and translation of the spliced mRNA transcript (reviewed in ref. 
50). Two of the smallest of the eight segments of influenza A 
virus produce both unspliced and spliced mRNA transcripts. 
The M segment gives rise to the M1 mRNA that encodes the M1 
matrix protein. The M1 mRNA can be processed into various 
alternatively spliced mRNAs, the most important of which is the 
M2 mRNA encoding the M2 ion channel.30,31 Further spliced 
transcripts include the mRNA3 of unknown function34 and, for 
some viral strains, the M4 mRNA encoding the M42 variant of 
the M2 ion channel with an antigenically distinct ectodomain 
and a putative 54 amino acid polypeptide that corresponds to 
an internally deleted version of M1.19 The NS segment gives rise 
to the unspliced NS1 mRNA that encodes the multifunctional 

translational apparatus in the cytoplasm. 
In this review, we provide an overview 
of the current understanding of how 
influenza A virus has evolved to hijack 
the cellular machinery for this trade-off, 
through the integration of virally syn-
thesized mRNA transcripts into the host 
mRNA export pathway.

Transcribing the Message: Host 
vs. Viral Synthesis of mRNA

Transcription initiation. Although host 
and viral mRNAs are structurally equiva-
lent in that they have both a 5' cap and 
a 3' poly(A) tail, they are synthesized by 
dissimilar mechanisms and by different 
molecular machines. Host pre-mRNA 
synthesis is catalyzed by the Pol II holo-
enzyme resident in transcription factories 
(reviewed in ref. 37). Active RNA poly-
merases do not track as locomotives along 
their templates, but instead are fixed 
within transcription factories, discrete 
foci within the nucleus to which chroma-
tin loops are tethered, containing a high 
concentration of Pol II and transcrip-
tion factors (Fig. 2). Host pre-mRNAs 
are subsequently processed through the 
involvement of numerous RNA process-
ing factors entering and exiting the fac-
tory. Reliant on the phosphorylation 
pattern of residues within the carboxyl 
terminal domain (CTD) of the RBP1 
subunit of Pol II, pre-mRNAs acquire a 
5' cap through the action of the capping enzyme complex con-
taining a phosphatase, guanylyl transferase and a methyl trans-
ferase. Once a cap structure has been added to the pre-mRNA, 
the cap is bound by the cap binding complex (CBC), composed 
of CBC20 and CBC80 (reviewed in refs. 5 and 38). Influenza 
A virus exploits host-capped mRNA during viral transcription. 
The viral polymerase interacts with the CTD of Pol II that is 
phosphorylated at serine-5, early in the transcription cycle,12,39 
and this may facilitate access to the 5' cap. The PB2 subunit of 
RdRp binds to the 5' cap of the nascent pre-mRNA and then 
the endonucleolytic activity residing in the PA subunit cleaves 
the cap 10–15 nucleotides downstream of the cap, thus generat-
ing a short capped RNA primer for extension by the PB1 sub-
unit, using vRNA as a template.40-43 Like cellular mRNAs, viral 
mRNAs contain internal N6-methyladenosine residues, distin-
guishing influenza viral mRNAs from those produced by viruses 
that synthesize mRNAs in the cytoplasm and providing addi-
tional evidence that influenza virus mRNA synthesis occurs in 
the nucleus of infected cells.44

Splicing. Following capping, splicing of metazoan pre-
mRNAs in order to remove introns is important in the generation 

Figure 2. Host and viral transcription result in the synthesis of structurally indistinct mrNAs. in 
eukaryotic cells, DNA is packaged with histones to form nucleosomes in order to organize the 
genetic material into chromatin. Actively transcribed DNA by the DNA-dependent rNA poly-
merase ii (Pol ii) is tethered to transcription factories, sites containing a high concentration of Pol 
ii and transcription factors, for the synthesis of mrNA. Dependent on the phosphorylation pattern 
of heptad repeats within the carboxyl terminal domain (CTD) of the largest subunit of Pol ii, the 
mrNA transcript acquires a 7-methylguanosine cap by the action of the capping enzyme complex 
(CeC). Host mrNA is matured by splicing, endonucleolytic cleavage of the pre-mrNA, followed by 
polyadenylation of the 5' cleavage product by host poly(A) polymerase. viral mrNA synthesis is 
proposed to occur in direct association with actively transcribing Pol ii located in a transcription 
factory. The viral rdrp, consisting of the PB1, PB2, and PA subunits, associates with the CTD of Pol ii 
and the PB2 subunit binds to the 7-methylguanosine cap of host pre-mrNA followed by endonu-
cleolytic cleavage by the PA subunit, resulting in a capped rNA fragment that is used as a primer 
by the PB1 subunit to initiate transcription of the vrNA template. viral mrNA is polyadenylated by 
the viral rdrp reiteratively copying the 5–7 uridine residues near the 5' end of the vrNA template. 
The nucleoprotein associated with vrNA has been omitted for simplicity in this figure.
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indistinguishable from host mRNA transcripts for deceiving the 
host cell into recognizing viral transcripts as native (Fig. 2).

Delivering the Message:  
Nuclear Export of Viral mRNA

The central dogma of molecular biology, DNA makes RNA 
makes protein, dictates that once mRNPs have been assembled 
in the nucleus of eukaryotic cells, they must be exported to the 
cytoplasm for translation. It was recently shown that the fate 
of Pol II transcripts is initially determined by the hnRNP C1/
C2 complex that acts as a “molecular ruler” to classify Pol II 
transcripts as long (> 200 nt) mRNA transcripts that are des-
tined to exit the nucleus via the mRNP export pathway, or 
short snRNA transcripts, which are exported by CRM1.65 The 
export of mRNA is closely coupled to Pol II transcription and 
pre-mRNA maturation, during which mRNA acquires a myriad 
of RNA binding proteins, including the CBC, heterogeneous 
nuclear ribonucleoproteins (hnRNPs), poly(A) binding proteins, 
the EJC, serine/arginine-rich (SR) proteins, and the transcription 
export (TREX) complex. Nuclear mRNP export is facilitated by 
export receptors that bind to mRNP complexes and direct their 
export through the NPC. The chief export factor for host mRNA 
is the nuclear export factor 1 (NXF1), also known as TAP that 
forms a heterodimer with its cofactor p15 (also known as NXT1). 
NXF1-p15 can be recruited to cellular pre-mRNA through mul-
tiple mechanisms involving adaptor molecules.

Recruitment of NXF1 to cellular transcripts. NXF1 recruit-
ment has been linked to splicing that occurs co-transcriptionally 
bridging nuclear export and transcription. Serine/arginine-rich 
(SR) proteins and the EJC that are deposited on cellular pre-
mRNAs upstream of exon-exon junctions are believed to play a 
major role by providing a platform for the binding of NXF1-p15 
(reviewed in refs. 3, 4, 46, 58, and 66–69). SR proteins have been 
shown to associate to specific sites within the nascent transcript 
and help the recruitment of spliceosomal components and the 
EJC for the removal of introns, and remaining associated with 
the transcript, subsequently aid the assembly of an mRNP mol-
ecule and act as a mediator in the recruitment of NXF1.45,47-49,70 
NXF1 has also been shown to be recruited to intron-containing 
transcripts by the transcription export (TREX) complex made up 
of the THO complex (THOC1-7), UAP56, and Aly/REF, which 
is recruited in a splicing-dependent manner (reviewed in ref. 71). 
Unspliced transcripts and transcripts that do not contain introns 
must also be exported from the nucleus; for this, an alterna-
tive (ALREX) mechanism has been proposed whereby a TREX 
complex of Aly/REF, THO complex subunits, and UAP56 are 
recruited directly by the CBC, independent of splicing. The 
intronless or unspliced transcripts bound by the TREX complex 
are then exported via an interaction with NXF1 (reviewed in refs. 
3 and 71). Export is also thought to be linked to polyadenylation 
(reviewed in ref. 58), with a newly identified TREX2 complex 
containing a germinal center-associated nuclear protein that was 
shown to interact with NXF1 potentially offering an alternative 
mechanism of export.72 In addition, the CPSF6 cleavage factor 

non-structural protein 1 (NS1), an interferon antagonist that 
inhibits cellular responses to infection (reviewed in ref. 51), and 
the spliced NS2/NEP transcript33 encoding the non-structural 
protein 2/nuclear export protein, involved in vRNP nuclear 
export (reviewed in ref. 26). Recently, it was reported that 
another spliced transcript can be derived from the NS1 mRNA, 
resulting in the expression of NS3, a truncated version of NS1 
with an internal deletion.17 Splicing of viral transcripts has 
been shown to be performed by the cellular splicing machinery 
(reviewed in ref. 32). The molecular details of this process are 
not fully understood, but it is believed to be regulated, involv-
ing viral and host proteins as well as cis-acting RNA signals. A 
study supporting a role for viral regulation revealed that the accu-
mulation of spliced mRNA transcripts from the M segment was 
affected by the viral NS1 protein in an RNA binding-dependent 
manner.52 However, regulation of NS transcript splicing by the 
NS1 protein is more controversial with reports both in favor and 
against the involvement of the NS1 protein.53-55 Recently, it was 
proposed that influenza A virus utilizes suboptimal splicing to 
coordinate the timing of infection.56 In particular, it was found 
that utilization of an erroneous splice site ensures the slow accu-
mulation of the viral NS2/NEP while generating high levels of 
NS1. Modulation of this simple transcriptional event resulted in 
improperly timed export of vRNPs and lack of virus infection 
demonstrating that coordination of the influenza A virus lifecycle 
is set by a “molecular timer” that operates on the inefficient splic-
ing of a virus transcript.56

Polyadenylation. Polyadenylation of host and viral mRNA 
results in the addition of a poly(A) tail of 250–300 adenosines at 
the 3' terminus. However, the molecular mechanisms of polyad-
enylation between virus and host are remarkably distinct. During 
host transcription, two cis RNA sequence elements are required 
for polyadenylation, the poly(A) site 10–30 nucleotides upstream 
of a cleavage site,57 which is bound by cleavage and polyadenyl-
ation specificity factor (CPSF), and the DSE element, which is 
bound by cleavage stimulation factor (CstF). Cleavage is medi-
ated by these factors together with cleavage factors CFI and CFII. 
Polyadenylation is subsequently catalyzed by the poly(A) poly-
merase (PAP), initially at a slow rate, but later at a rapid rate in 
synergy with the poly(A) binding protein II (PABPII) (reviewed 
in ref. 58). In contrast to host polyadenylation, the viral RdRp 
is responsible for generating poly(A) tails on mRNA transcripts 
by stuttering on a stretch of 5–7 uridine residues, approximately 
16 nucleotides from the 5' end of the vRNA template.59 During 
transcription, it is believed that the RdRp remains bound to the 
5' end of the vRNA template as the vRNA is threaded through in 
a 3'→5' direction.60,61 When the 5' end of the template approaches 
the catalytic center of the RdRp, steric hindrance results in reit-
erative stuttering on the stretch of uridines to produce a poly(A) 
tail. Firm evidence that the RdRp reiteratively copies the stretch 
of uridine residues came from experiments in which the uri-
dine stretch was replaced with an adenine stretch, resulting in 
polyuridylated RNAs.62-64 Therefore, although catalyzed by 
different molecular machines, influenza A virus has evolved a 
strategy for synthesizing mRNA transcripts that are structurally 
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Pol II transcription is blocked.74 Evidence has been published that 
shows NXF1 interacting with viral mRNAs during infection.75 
Influenza A virus mRNA and NXF1 protein were found to co-
localize in infected MDCK cells. The authors were also able to 
co-immunopreciptate influenza A virus mRNAs with the NXF1 
protein. NXF1 has also been identified in a number of RNAi 
screens76-80 as a candidate host protein necessary for influenza A 
virus replication. A study to directly test the involvement of the 
NXF1 pathway in viral mRNA export has been published81 in 
which prior to infection with influenza A virus, cells were treated 
with siRNAs directed against NXF1, Aly/REF, or UAP56. A 
differential dependence on NXF1 between viral genes was con-
cluded from this study. It was observed using fluorescence in situ 
hybridization (FISH) that transcripts encoding late gene prod-
ucts, HA, M1 and M2 mRNAs showed a greater dependence 
on NXF1 than those viral transcripts encoding gene products 
that are expressed early in infection (PB1, PB2, PA, and NP). 
Knockdown of NXF1 also led to a reduction in virus growth. A 
60% reduction in Aly/REF had very little effect on viral mRNA 
export; however, an 80% reduction in UAP56 severely impaired 
export of M1, M2, and NS mRNAs. Aly/REF is a major adap-
tor protein for cellular mRNA export, and therefore, one would 

involved in polyadenylation has been shown to interact with 
NXF1.73

NXF1 is involved in the nuclear export of viral transcripts. 
There is a significant body of evidence in support of the view that 
host and viral transcription are not separate processes within the 
cell and that there is a functional and physical link between Pol 
II and the viral RdRp.39 The interaction between host and viral 
transcription machineries may not only provide access to a supply 
of 5' capped RNA primers for the initiation of transcription, but 
it could potentially provide access of the nascent viral mRNA to 
all of the cellular proteins and enzymes that mediate pre-mRNA 
maturation and export of cellular pre-mRNAs. The interaction 
between the two transcription machineries would allow access 
to the NXF1-p15 export pathway (Fig. 3). Insight into the use 
of the NXF1-p15 export pathway by influenza A virus came 
from studies that showed that treatment of infected cells with 
5,6-dicholoro-1-β-D-ribofuranosyl-benzimidazole (DRB), a 
drug that inhibits Pol II elongation, leads to reversible nuclear 
retention of HA, M1, and NS1 mRNA, suggesting that mRNA 
export is dependent on host transcription. Therefore, a model 
has been proposed that cellular factors are recruited to viral 
mRNAs during Pol II transcription, but this does not occur if 

Figure 3. Assembly and export of influenza A virus mrNPs. intronless and unspliced intron-containing viral mrNA transcripts can recruit the cellular 
nuclear export factor NXF1 through factors binding to the 5' cap structure or the 3' poly(A) tail. The nuclear cap binding complex (CBC) associated 
with the 5' cap recruits the transcription export (TreX) complex that subsequently recruits NXF1. NXF1 can also be recruited through poly(A) tail 
binding factors (CPSF6). Spliced viral mrNA transcripts can also recruit NXF1 through these factors. in addition, these spliced transcripts can recruit 
NXF1 through the exon junction complex (eJC) and serine/arginine-rich (Sr) proteins, which are deposited on spliced mrNAs co-transcriptionally in a 
splicing-dependent manner. Alternatively, the viral NS1 protein could direct the export of both intronless/unspliced and spliced mrNA transcripts via 
NXF1. NXF1 was also shown to bind directly to viral mrNA.
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involved in this process during influenza infection remain to be 
clarified, this study raises the possibility that targeting the inter-
actions of influenza virus with the mRNA export pathways might 
lead to the development of antiviral therapies.

NXF1-independent export pathways. During evolution, 
alternative, NXF1-independent nuclear export pathways were 
available to influenza A virus for nuclear export of viral mRNA. 
The best characterized alternative export pathway is the CRM1 
export pathway used by small nuclear RNAs (snRNA) and rRNAs 
(reviewed in refs. 4 and 90). Human Immunodeficiency Virus 
(HIV), a member of the Retroviridae, similar to influenza A virus 
in that it has a nuclear replication cycle, exploits the CRM1 export 
pathway in order to express viral proteins. Rev, a virally encoded 
accessory protein, contains a nuclear export signal (NES) that is 
recognized by the CRM1 export receptor and acts in cis to direct 
the export of viral mRNA. Rev Response Elements (RREs) pres-
ent within the viral mRNA are bound directly by Rev, and conse-
quently, the transcript is exported into the cytoplasm (reviewed in 
refs. 9 and 10). A number of studies have investigated the potential 
involvement of the CRM1 pathway in viral mRNA export during 
influenza A virus infection using a known inhibitor of CRM1, lep-
tomycin B. However, none of these studies have demonstrated that 
viral mRNA export is sensitive to leptomycin B.74,75,81,91 In contrast, 
influenza virus genomic vRNA nuclear export is sensitive to lep-
tomycin B,91-93 in agreement with CRM1 being involved in their 
nuclear export through an interaction with the viral NS2/NEP 
(reviewed in ref. 26). In addition to NXF1 and CRM1-mediated 
nuclear export of RNAs, a number of alternative RNA export 
pathways are known to function in the host cell for the export 
of tRNAs (Exportin-t) and miRNAs (Exportin-5).94-99 However, 
there is no evidence to suggest that these export pathways play a 
direct role in the nuclear export of influenza virus RNAs.

Role of viral proteins in nuclear export of viral transcripts. It 
is also necessary to consider the role of viral proteins in the recruit-
ment of the host export machinery. There is evidence that the 
multi-functional NS1 protein of influenza A virus, an interferon 
antagonist, interacts with cellular proteins in the nuclear export 
pathway and with viral mRNAs (reviewed in refs. 51 and 100). 
NS1 has been shown to play a role in the splicing, transport, and 
enhancement of translation of viral mRNAs. The NS1 protein 
has also been shown to co-immunoprecipitate viral mRNA and 
to interact with NXF1,75,84,101 therefore it is conceivable that NS1 
could act as an adaptor protein between viral transcripts and the 
cellular export proteins. However, as NS1 is a non-structural viral 
protein, viral mRNA export has to occur, at least initially, in the 
absence of NS1. It should also be noted that viral mRNA transla-
tion proceeds almost normally in IFN-deficient cells infected with 
an influenza virus lacking the NS1 gene, suggesting that although 
NS1 might have a regulatory function, it is clearly not essential.102 
The viral RdRp has also been implicated as a viral factor involved in 
mRNP assembly and translation by associating with viral mRNA 
through an interaction with the 5' cap structure and the conserved 
5' terminal sequence present in all viral mRNAs downstream of 
the capped RNA primer sequence.103 However, more recently it was 
shown, using RNA co-immunoprecipitation assays, that the CBC 
but not viral RdRp associates with viral mRNA, and therefore, this 

expect a greater dependence of viral mRNA export on Aly/REF 
than observed in this study. However, a more efficient knock-
down could reveal a greater dependence of mRNA export on this 
host factor. Alternatively, influenza A virus may have evolved to 
adopt redundant pathways as studies have revealed Aly/REF to 
be dispensable for mRNA export.82,83 Despite the evidence that 
the NXF1 export pathway is involved in the export of some viral 
mRNA transcripts, further dissection is required to fully under-
stand the molecular mechanisms of how viral mRNA transcripts 
are integrated into the cellular export pathway.

Recruitment of NXF1 to viral transcripts. NXF1 can be 
recruited to cellular transcripts by multiple mechanisms depend-
ing on whether the transcript is spliced or not. Six out the eight of 
the influenza A virus genome segments (PB2, PB1, PA, HA, NP, 
and NA) encode transcripts that do not undergo splicing, while 
the M and NS segments encode transcripts that can be spliced. 
Thus, influenza A virus transcripts can be classified into three 
categories, intronless, intron-containing unspliced and spliced. 
Therefore, the question arises how are the three different catego-
ries of viral transcripts assembled into mRNPs and are exported?

Nuclear export of spliced viral mRNAs could be analogous to 
that of cellular mRNA transcripts involving the binding of EJC 
and subsequent recruitment of NXF1-p15, while intronless and 
unspliced viral transcripts might use the alternative RNA export 
pathway (ALREX) (Fig. 3). In this pathway, NXF1 is recruited, 
independently of splicing, through the TREX complex that binds 
to the 5' end of the transcript through interaction with the CBC. 
More specifically, the 20 kDa subunit of the CBC (CBC20) binds 
to the 5' cap, while the 80 kDa subunit of CBC recruits Aly/REF, 
a component of the TREX complex. In support of this pathway 
being used by influenza virus transcripts it was found that viral 
mRNAs associate with CBC.84 Alternatively, two members of the 
evolutionarily conserved SR (serine/arginine-rich) family of splic-
ing factors, 9G8 and SRp20, have been shown to promote the 
export of intronless cellular mRNAs85 by directly interacting with 
NXF1. Thus, it is possible that intronless influenza virus mRNAs 
could recruit NXF1 through binding SF proteins. The splicing 
factor ASF/SF2, a member of the SF family of proteins, previously 
implicated in the regulation of splicing of the viral M1 mRNA,86 
was also found to directly interact with NXF1, potentially medi-
ating the recruitment of cellular export receptors to viral mRNA.

Very recent evidence suggests that NXF1 is directly recruited 
to influenza virus mRNAs, raising the possibility that influenza 
virus RNAs contain cis-acting signals recognized by NXF1.87 It 
was shown that influenza virus RNAs directly bind to NXF1 
and that NXF1, in cooperation with the nuclear pore component 
Nup62, facilitates influenza virus RNA export from the nucleus 
to the cytoplasm. It was also found that the omega-3 polyun-
saturated fatty acid (PUFA)-derived lipid mediator protectin D1 
(PD1) inhibits the recruitment of virus RNAs to NXF1 result-
ing in markedly attenuated influenza virus replication. Type 
D retroviruses such as Mason-Pfizer monkey virus (MPMV) 
have evolved a similar strategy for ensuring that viral mRNA is 
exported from the nucleus; the viral RNA contains a constitutive 
transport element (CTE) that can be recognized by the NXF1 
protein for nuclear export.88,89 Although the precise mechanisms 
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viruses critically depend on host transcription and cellular export 
pathways; a deeper knowledge and understanding of the protein 
occupancy of viral mRNA would provide valuable insight into the 
biogenesis, nuclear export and translation of viral mRNP com-
plexes. Much effort has been devoted to the investigation of pro-
tein-RNA interactions and the mRNA interactome by proteomic 
techniques involving mass spectrometry and future analyses 
employing these innovative techniques would help to expose the 
occupancy profile on viral mRNA transcripts.113,114 Furthermore, 
these studies would be complimented by exploration of localiza-
tion and dynamics of exporting viral mRNP complexes through 
utilizing recent advances in mRNA labeling and detection by 
super resolution fluorescent microscopy and single molecule tech-
niques.115 Recent advances in the field have made it now possible to 
visualize and analyze at the single mRNP level the pathway from 
chromatin association to interactions with the NPC and transloca-
tion.68 Employing such techniques in the context of the influenza A 
lifecycle would help to identify and understand the principles and 
dynamics of the relationship between the key players in mRNP 
export and the virus. The implications of understanding the fun-
damental differences between host and viral mRNP assembly and 
export pathways could potentially offer the valuable opportunity 
of designing novel antiviral strategies against influenza A virus.
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interaction may serve to act as a mechanism of recruitment for the 
TREX complex and NXF1.84 Furthermore, this study concluded 
that viral mRNA is also bound by the eukaryotic translation ini-
tiation factor 4E (eIF4E). These data are contrary to the proposal 
that all 5' termini of viral mRNAs are occupied by the viral RdRp 
in order to prevent the use of viral mRNAs as cap donors during 
viral transcription.104 These data also argue against the viral RdRp 
being involved in the regulation of splicing of M1 mRNA105 and 
translation as a functional replacement of eIF4E.103 Viral RdRp 
and vRNPs have also been shown to interact with various host 
splicing factors, including SFPQ/PSF and UAP56, which may 
mediate recruitment of export factors for viral mRNA nucleocyto-
plasmic export.79,106-109 The use of a virally encoded adaptor protein 
that can co-opt the host export machinery for the export of viral 
mRNA has been recognized in other nuclear replicating viruses, 
for example, two members of the Herpesviridae, Herpes Simplex 
Virus 1 (HSV-1) and Human Cytomegalovirus (HCMV). These 
herpes viruses encode ICP27 and a UL69 proteins, respectively, 
which are able to bind directly to viral mRNA and either Aly/REF 
or UAP56 and consequently direct export.10,110-112 Therefore, it is 
conceivable that influenza A virus proteins may act in an analogous 
fashion for the recruitment of nuclear export factors (Fig. 3).

Perspectives

Nuclear replicating viruses have had to evolve sophisticated 
mechanisms for ensuring that their viral genes are expressed effi-
ciently to ensure the assembly of progeny virions and propagation 
of infection. Here we have reviewed the current understanding of 
how influenza A virus mRNPs are integrated into host nucleo-
cytoplasmic export pathways for delivering viral mRNAs to the 
cellular translational machinery in the cytoplasm. Influenza A 

References
1. Hieronymus H, Silver PA. A systems view of mRNP biol-

ogy. Genes Dev 2004; 18:2845-60; PMID:15574591; 
http://dx.doi.org/10.1101/gad.1256904

2. Moore MJ, Proudfoot NJ. Pre-mRNA processing 
reaches back to transcription and ahead to translation. 
Cell 2009; 136:688-700; PMID:19239889; http://
dx.doi.org/10.1016/j.cell.2009.02.001

3. Müller-McNicoll M, Neugebauer KM. How cells get 
the message: dynamic assembly and function of mRNA-
protein complexes. Nat Rev Genet 2013; 14:275-87; 
PMID:23478349; http://dx.doi.org/10.1038/nrg3434

4. Köhler A, Hurt E. Exporting RNA from the nucleus 
to the cytoplasm. Nat Rev Mol Cell Biol 2007; 8:761-
73; PMID:17786152; http://dx.doi.org/10.1038/
nrm2255

5. Shandilya J, Roberts SG. The transcription cycle 
in eukaryotes: from productive initiation to RNA 
polymerase II recycling. Biochim Biophys Acta 2012; 
1819:391-400; PMID:22306664; http://dx.doi.
org/10.1016/j.bbagrm.2012.01.010

6. Hoelz A, Debler EW, Blobel G. The structure 
of the nuclear pore complex. Annu Rev Biochem 
2011; 80:613-43; PMID:21495847; http://dx.doi.
org/10.1146/annurev-biochem-060109-151030

7. Strambio-De-Castillia C, Niepel M, Rout MP. The 
nuclear pore complex: bridging nuclear transport and 
gene regulation. Nat Rev Mol Cell Biol 2010; 11:490-
501; PMID:20571586; http://dx.doi.org/10.1038/
nrm2928

8. Cullen BR. Nuclear mRNA export: insights from 
virology. Trends Biochem Sci 2003; 28:419-24; 
PMID:12932730; http://dx.doi.org/10.1016/S0968-
0004(03)00142-7

9. Cullen BR. Human immunodeficiency virus: nucle-
ar RNA export unwound. Nature 2005; 433:26-7; 
PMID:15635396; http://dx.doi.org/10.1038/433026a

10. Sandri-Goldin RM. Viral regulation of mRNA export. 
J Virol 2004; 78:4389-96; PMID:15078920; http://
dx.doi.org/10.1128/JVI.78.9.4389-4396.2004

11. Amorim MJ, Digard P. Influenza A virus and the cell 
nucleus. Vaccine 2006; 24:6651-5; PMID:16806605; 
http://dx.doi.org/10.1016/j.vaccine.2006.05.066

12. Engelhardt OG, Fodor E. Functional association 
between viral and cellular transcription during influ-
enza virus infection. Rev Med Virol 2006; 16:329-45; 
PMID:16933365; http://dx.doi.org/10.1002/rmv.512

13. Palese P, Shaw ML. Orthomyxoviridae: The Viruses 
and Their Replication. In: Knipe DM, Howley PM, 
eds. Fields Virology. Philadelphia: Lippincott Williams 
and Wilkins, 2007:1647-89.

14. Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, 
Bacik I, et al. A novel influenza A virus mitochondrial 
protein that induces cell death. Nat Med 2001; 7:1306-
12; PMID:11726970; http://dx.doi.org/10.1038/
nm1201-1306

15. Jagger BW, Wise HM, Kash JC, Walters KA, Wills 
NM, Xiao YL, et al. An overlapping protein-cod-
ing region in influenza A virus segment 3 modu-
lates the host response. Science 2012; 337:199-204; 
PMID:22745253; http://dx.doi.org/10.1126/sci-
ence.1222213

16. Muramoto Y, Noda T, Kawakami E, Akkina R, 
Kawaoka Y. Identification of novel influenza A 
virus proteins translated from PA mRNA. J Virol 
2013; 87:2455-62; PMID:23236060; http://dx.doi.
org/10.1128/JVI.02656-12

17. Selman M, Dankar SK, Forbes NE, Jia JJ, Brown EG. 
Adaptive mutation in influenza A virus non-structural 
gene is linked to host switching and induces a novel 
protein by alternative splicing. Emerg Microbes Infec 
2012; 1:e42; http://dx.doi.org/10.1038/emi.2012.38

18. Wise HM, Foeglein A, Sun J, Dalton RM, Patel S, 
Howard W, et al. A complicated message: Identification 
of a novel PB1-related protein translated from influenza 
A virus segment 2 mRNA. J Virol 2009; 83:8021-
31; PMID:19494001; http://dx.doi.org/10.1128/
JVI.00826-09

19. Wise HM, Hutchinson EC, Jagger BW, Stuart AD, 
Kang ZH, Robb N, et al. Identification of a novel 
splice variant form of the influenza A virus M2 ion 
channel with an antigenically distinct ectodomain. 
PLoS Pathog 2012; 8:e1002998; PMID:23133386; 
http://dx.doi.org/10.1371/journal.ppat.1002998

20. Resa-Infante P, Jorba N, Coloma R, Ortin J. The 
influenza virus RNA synthesis machine: advances in 
its structure and function. RNA Biol 2011; 8:207-
15; PMID:21358279; http://dx.doi.org/10.4161/
rna.8.2.14513

21. Ruigrok RW, Crépin T, Hart DJ, Cusack S. Towards 
an atomic resolution understanding of the influenza 
virus replication machinery. Curr Opin Struct Biol 
2010; 20:104-13; PMID:20061134; http://dx.doi.
org/10.1016/j.sbi.2009.12.007



www.landesbioscience.com rNA Biology 1281

57. Proudfoot NJ, Brownlee GG. 3' non-coding region 
sequences in eukaryotic messenger RNA. Nature 
1976; 263:211-4; PMID:822353; http://dx.doi.
org/10.1038/263211a0

58. Proudfoot NJ. Ending the message: poly(A) sig-
nals then and now. Genes Dev 2011; 25:1770-82; 
PMID:21896654; http://dx.doi.org/10.1101/
gad.17268411

59. Robertson JS, Schubert M, Lazzarini RA. 
Polyadenylation sites for influenza virus mRNA. J 
Virol 1981; 38:157-63; PMID:7241649

60. Fodor E, Pritlove DC, Brownlee GG. The influenza 
virus panhandle is involved in the initiation of tran-
scription. J Virol 1994; 68:4092-6; PMID:8189550

61. Tiley LS, Hagen M, Matthews JT, Krystal M. Sequence-
specific binding of the influenza virus RNA polymerase 
to sequences located at the 5' ends of the viral RNAs. J 
Virol 1994; 68:5108-16; PMID:8035510

62. Poon LL, Pritlove DC, Fodor E, Brownlee GG. 
Direct evidence that the poly(A) tail of influenza A 
virus mRNA is synthesized by reiterative copying of 
a U track in the virion RNA template. J Virol 1999; 
73:3473-6; PMID:10074205

63. Poon LL, Fodor E, Brownlee GG. Polyuridylated 
mRNA synthesized by a recombinant influenza virus 
is defective in nuclear export. J Virol 2000; 74:418-
27; PMID:10590131; http://dx.doi.org/10.1128/
JVI.74.1.418-427.2000

64. Zheng H, Lee HA, Palese P, García-Sastre A. Influenza 
A virus RNA polymerase has the ability to stutter 
at the polyadenylation site of a viral RNA template 
during RNA replication. J Virol 1999; 73:5240-3; 
PMID:10233995

65. McCloskey A, Taniguchi I, Shinmyozu K, Ohno M. 
hnRNP C tetramer measures RNA length to clas-
sify RNA polymerase II transcripts for export. Science 
2012; 335:1643-6; PMID:22461616; http://dx.doi.
org/10.1126/science.1218469

66. Carmody SR, Wente SR. mRNA nuclear export at a 
glance. J Cell Sci 2009; 122:1933-7; PMID:19494120; 
http://dx.doi.org/10.1242/jcs.041236

67. Grünwald D, Singer RH, Rout M. Nuclear export 
dynamics of RNA-protein complexes. Nature 2011; 
475:333-41; PMID:21776079; http://dx.doi.
org/10.1038/nature10318

68. Mor A, Suliman S, Ben-Yishay R, Yunger S, Brody 
Y, Shav-Tal Y. Dynamics of single mRNP nucleocy-
toplasmic transport and export through the nuclear 
pore in living cells. Nat Cell Biol 2010; 12:543-52; 
PMID:20453848; http://dx.doi.org/10.1038/ncb2056

69. Tutucci E, Stutz F. Keeping mRNPs in check during 
assembly and nuclear export. Nat Rev Mol Cell Biol 
2011; 12:377-84; PMID:21602906; http://dx.doi.
org/10.1038/nrm3119

70. Luo MJ, Reed R. Splicing is required for rapid and 
efficient mRNA export in metazoans. Proc Natl Acad 
Sci USA 1999; 96:14937-42; PMID:10611316; http://
dx.doi.org/10.1073/pnas.96.26.14937

71. Katahira J. mRNA export and the TREX com-
plex. Biochim Biophys Acta 2012; 1819:507-13; 
PMID:22178508; http://dx.doi.org/10.1016/j.
bbagrm.2011.12.001

72. Jani D, Lutz S, Hurt E, Laskey RA, Stewart M, 
Wickramasinghe VO. Functional and structural 
characterization of the mammalian TREX-2 com-
plex that links transcription with nuclear messenger 
RNA export. Nucleic Acids Res 2012; 40:4562-73; 
PMID:22307388; http://dx.doi.org/10.1093/nar/
gks059

73. Ruepp MD, Schümperli D, Barabino SM. mRNA 
3' end processing and more--multiple functions of 
mammalian cleavage factor I-68. Wiley Interdiscip Rev 
RNA 2011; 2:79-91; PMID:21956970; http://dx.doi.
org/10.1002/wrna.35

40. Biswas SK, Nayak DP. Mutational analysis of the 
conserved motifs of influenza A virus polymerase basic 
protein 1. J Virol 1994; 68:1819-26; PMID:8107244

41. Dias A, Bouvier D, Crépin T, McCarthy AA, Hart DJ, 
Baudin F, et al. The cap-snatching endonuclease of 
influenza virus polymerase resides in the PA subunit. 
Nature 2009; 458:914-8; PMID:19194459; http://
dx.doi.org/10.1038/nature07745

42. Guilligay D, Tarendeau F, Resa-Infante P, Coloma R, 
Crepin T, Sehr P, et al. The structural basis for cap bind-
ing by influenza virus polymerase subunit PB2. Nat 
Struct Mol Biol 2008; 15:500-6; PMID:18454157; 
http://dx.doi.org/10.1038/nsmb.1421

43. Yuan P, Bartlam M, Lou Z, Chen S, Zhou J, He X, et 
al. Crystal structure of an avian influenza polymerase 
PA(N) reveals an endonuclease active site. Nature 
2009; 458:909-13; PMID:19194458; http://dx.doi.
org/10.1038/nature07720

44. Krug RM, Morgan MA, Shatkin AJ. Influenza viral 
mRNA contains internal N6-methyladenosine and 
5'-terminal 7-methylguanosine in cap structures. J 
Virol 1976; 20:45-53; PMID:1086370

45. Cheng H, Dufu K, Lee CS, Hsu JL, Dias A, Reed 
R. Human mRNA export machinery recruited to 
the 5' end of mRNA. Cell 2006; 127:1389-400; 
PMID:17190602; http://dx.doi.org/10.1016/j.
cell.2006.10.044

46. Kelly SM, Corbett AH. Messenger RNA export from 
the nucleus: a series of molecular wardrobe changes. 
Traffic 2009; 10:1199-208; PMID:19552647; http://
dx.doi.org/10.1111/j.1600-0854.2009.00944.x

47. Reed R, Hurt E. A conserved mRNA export machinery 
coupled to pre-mRNA splicing. Cell 2002; 108:523-
31; PMID:11909523; http://dx.doi.org/10.1016/
S0092-8674(02)00627-X

48. Reed R. Coupling transcription, splicing and mRNA 
export. Curr Opin Cell Biol 2003; 15:326-31; 
PMID:12787775; http://dx.doi.org/10.1016/S0955-
0674(03)00048-6

49. Zhou Z, Luo MJ, Straesser K, Katahira J, Hurt 
E, Reed R. The protein Aly links pre-messenger-
RNA splicing to nuclear export in metazoans. Nature 
2000; 407:401-5; PMID:11014198; http://dx.doi.
org/10.1038/35030160

50. Le Hir H, Andersen GR. Structural insights into 
the exon junction complex. Curr Opin Struct Biol 
2008; 18:112-9; PMID:18164611; http://dx.doi.
org/10.1016/j.sbi.2007.11.002

51. Hale BG, Randall RE, Ortín J, Jackson D. The mul-
tifunctional NS1 protein of influenza A viruses. J Gen 
Virol 2008; 89:2359-76; PMID:18796704; http://
dx.doi.org/10.1099/vir.0.2008/004606-0

52. Robb NC, Fodor E. The accumulation of influ-
enza A virus segment 7 spliced mRNAs is regu-
lated by the NS1 protein. J Gen Virol 2012; 93:113-
8; PMID:21918006; http://dx.doi.org/10.1099/
vir.0.035485-0

53. Robb NC, Jackson D, Vreede FT, Fodor E. Splicing 
of influenza A virus NS1 mRNA is independent of 
the viral NS1 protein. J Gen Virol 2010; 91:2331-
40; PMID:20519456; http://dx.doi.org/10.1099/
vir.0.022004-0

54. Garaigorta U, Ortín J. Mutation analysis of a recom-
binant NS replicon shows that influenza virus NS1 
protein blocks the splicing and nucleo-cytoplasmic 
transport of its own viral mRNA. Nucleic Acids Res 
2007; 35:4573-82; PMID:17488845; http://dx.doi.
org/10.1093/nar/gkm230

55. Smith DB, Inglis SC. Regulated production of an influ-
enza virus spliced mRNA mediated by virus-specific 
products. EMBO J 1985; 4:2313-9; PMID:3841059

56. Chua MA, Schmid S, Perez JT, Langlois RA, Tenoever 
BR. Influenza A virus utilizes suboptimal splicing to 
coordinate the timing of infection. Cell Rep 2013; 
3:23-9; PMID:23333274; http://dx.doi.org/10.1016/j.
celrep.2012.12.010

22. Zheng W, Tao YJ. Structure and assembly of the influ-
enza A virus ribonucleoprotein complex. FEBS Lett 
2013; 587:1206-14; PMID:23499938; http://dx.doi.
org/10.1016/j.febslet.2013.02.048

23. Hutchinson EC, Fodor E. Nuclear import of the 
influenza A virus transcriptional machinery. Vaccine 
2012; 30:7353-8; PMID:22652398; http://dx.doi.
org/10.1016/j.vaccine.2012.04.085

24. Fodor E. The RNA polymerase of influenza A virus: 
mechanisms of viral transcription and replication. 
Acta Virol 2013; 57:113-22; PMID:23600869; http://
dx.doi.org/10.4149/av_2013_02_113

25. Krug RM, Fodor E. The virus genome and its replica-
tion. In: Webster RG, Monto AS, Braciale TJ, Lamb 
RA, eds. Textbook of Influenza 2nd Edition. New York 
City: John Wiley & Sons, Ltd., 2013:57-66.

26. Paterson D, Fodor E. Emerging roles for the influenza 
A virus nuclear export protein (NEP). PLoS Pathog 
2012; 8:e1003019; PMID:23236273; http://dx.doi.
org/10.1371/journal.ppat.1003019

27. Inglis SC, Gething MJ, Brown CM. Relationship 
between the messenger RNAs transcribed from two 
overlapping genes of influenza virus. Nucleic Acids 
Res 1980; 8:3575-89; PMID:7433101; http://dx.doi.
org/10.1093/nar/8.16.3575

28. Inglis SC, Barrett T, Brown CM, Almond JW. The 
smallest genome RNA segment of influenza virus con-
tains two genes that may overlap. Proc Natl Acad Sci 
USA 1979; 76:3790-4; PMID:291039; http://dx.doi.
org/10.1073/pnas.76.8.3790

29. Inglis SC, Brown CM. Spliced and unspliced RNAs 
encoded by virion RNA segment 7 of influenza virus. 
Nucleic Acids Res 1981; 9:2727-40; PMID:6169001; 
http://dx.doi.org/10.1093/nar/9.12.2727

30. Lamb RA, Choppin PW. Identification of a second 
protein (M2) encoded by RNA segment 7 of influenza 
virus. Virology 1981; 112:729-37; PMID:7257188; 
http://dx.doi.org/10.1016/0042-6822(81)90317-2

31. Lamb RA, Lai CJ, Choppin PW. Sequences of 
mRNAs derived from genome RNA segment 7 of 
influenza virus: colinear and interrupted mRNAs code 
for overlapping proteins. Proc Natl Acad Sci USA 
1981; 78:4170-4; PMID:6945577; http://dx.doi.
org/10.1073/pnas.78.7.4170

32. Lamb RA, Horvath CM. Diversity of coding strate-
gies in influenza viruses. Trends Genet 1991; 7:261-6; 
PMID:1771674

33. Lamb RA, Lai CJ. Sequence of interrupted and unin-
terrupted mRNAs and cloned DNA coding for the two 
overlapping nonstructural proteins of influenza virus. 
Cell 1980; 21:475-85; PMID:7407920; http://dx.doi.
org/10.1016/0092-8674(80)90484-5

34. Shih SR, Suen PC, Chen YS, Chang SC. A novel 
spliced transcript of influenza A/WSN/33 virus. Virus 
Genes 1998; 17:179-83; PMID:9857991; http://
dx.doi.org/10.1023/A:1008024909222

35. Rehwinkel J, Reis e Sousa C. RIGorous detec-
tion: exposing virus through RNA sensing. Science 
2010; 327:284-6; PMID:20075242; http://dx.doi.
org/10.1126/science.1185068

36. García-Sastre A. Induction and evasion of type I 
interferon responses by influenza viruses. Virus Res 
2011; 162:12-8; PMID:22027189; http://dx.doi.
org/10.1016/j.virusres.2011.10.017

37. Cook PR. A model for all genomes: the role of 
transcription factories. J Mol Biol 2010; 395:1-10; 
PMID:19852969; http://dx.doi.org/10.1016/j.
jmb.2009.10.031

38. Topisirovic I, Svitkin YV, Sonenberg N, Shatkin AJ. 
Cap and cap-binding proteins in the control of gene 
expression. Wiley Interdiscip Rev RNA 2011; 2:277-
98; PMID:21957010; http://dx.doi.org/10.1002/
wrna.52

39. Engelhardt OG, Smith M, Fodor E. Association of 
the influenza A virus RNA-dependent RNA poly-
merase with cellular RNA polymerase II. J Virol 
2005; 79:5812-8; PMID:15827195; http://dx.doi.
org/10.1128/JVI.79.9.5812-5818.2005



1282 rNA Biology volume 10 issue 8

103. Burgui I, Yángüez E, Sonenberg N, Nieto A. Influenza 
virus mRNA translation revisited: is the eIF4E cap-
binding factor required for viral mRNA translation? 
J Virol 2007; 81:12427-38; PMID:17855553; http://
dx.doi.org/10.1128/JVI.01105-07

104. Shih SR, Krug RM. Surprising function of the three 
influenza viral polymerase proteins: selective protection 
of viral mRNAs against the cap-snatching reaction 
catalyzed by the same polymerase proteins. Virology 
1996; 226:430-5; PMID:8955065; http://dx.doi.
org/10.1006/viro.1996.0673

105. Shih SR, Nemeroff ME, Krug RM. The choice of 
alternative 5' splice sites in influenza virus M1 mRNA 
is regulated by the viral polymerase complex. Proc Natl 
Acad Sci USA 1995; 92:6324-8; PMID:7541537; 
http://dx.doi.org/10.1073/pnas.92.14.6324

106. Bradel-Tretheway BG, Mattiacio JL, Krasnoselsky 
A, Stevenson C, Purdy D, Dewhurst S, et al. 
Comprehensive proteomic analysis of influenza virus 
polymerase complex reveals a novel association with 
mitochondrial proteins and RNA polymerase accessory 
factors. J Virol 2011; 85:8569-81; PMID:21715506; 
http://dx.doi.org/10.1128/JVI.00496-11

107. Jorba N, Juarez S, Torreira E, Gastaminza P, Zamarreño 
N, Albar JP, et al. Analysis of the interaction of influ-
enza virus polymerase complex with human cell fac-
tors. Proteomics 2008; 8:2077-88; PMID:18491320; 
http://dx.doi.org/10.1002/pmic.200700508

108. Landeras-Bueno S, Jorba N, Pérez-Cidoncha M, Ortín 
J. The splicing factor proline-glutamine rich (SFPQ/
PSF) is involved in influenza virus transcription. PLoS 
Pathog 2011; 7:e1002397; PMID:22114566; http://
dx.doi.org/10.1371/journal.ppat.1002397

109. Momose F, Basler CF, O’Neill RE, Iwamatsu A, 
Palese P, Nagata K. Cellular splicing factor RAF-2p48/
NPI-5/BAT1/UAP56 interacts with the influenza virus 
nucleoprotein and enhances viral RNA synthesis. J 
Virol 2001; 75:1899-908; PMID:11160689; http://
dx.doi.org/10.1128/JVI.75.4.1899-1908.2001

110. Chen IH, Sciabica KS, Sandri-Goldin RM. ICP27 
interacts with the RNA export factor Aly/REF to 
direct herpes simplex virus type 1 intronless mRNAs 
to the TAP export pathway. J Virol 2002; 76:12877-
89; PMID:12438613; http://dx.doi.org/10.1128/
JVI.76.24.12877-12889.2002

111. Lischka P, Toth Z, Thomas M, Mueller R, Stamminger 
T. The UL69 transactivator protein of human cyto-
megalovirus interacts with DEXD/H-Box RNA heli-
case UAP56 to promote cytoplasmic accumulation 
of unspliced RNA. Mol Cell Biol 2006; 26:1631-
43; PMID:16478985; http://dx.doi.org/10.1128/
MCB.26.5.1631-1643.2006

112. Toth Z, Stamminger T. The human cytomega-
lovirus regulatory protein UL69 and its effect on 
mRNA export. Front Biosci 2008; 13:2939-49; 
PMID:17981767; http://dx.doi.org/10.2741/2899

113. Baltz AG, Munschauer M, Schwanhäusser B, Vasile 
A, Murakawa Y, Schueler M, et al. The mRNA-
bound proteome and its global occupancy profile on 
protein-coding transcripts. Mol Cell 2012; 46:674-90; 
PMID:22681889; http://dx.doi.org/10.1016/j.mol-
cel.2012.05.021

114. Schmidt C, Kramer K, Urlaub H. Investigation of 
protein-RNA interactions by mass spectrometry--Tech-
niques and applications. J Proteomics 2012; 75:3478-
94; PMID:22575267; http://dx.doi.org/10.1016/j.
jprot.2012.04.030

115. Weil TT, Parton RM, Davis I. Making the message 
clear: visualizing mRNA localization. Trends Cell Biol 
2010; 20:380-90; PMID:20444605; http://dx.doi.
org/10.1016/j.tcb.2010.03.006

89. Pasquinelli AE, Ernst RK, Lund E, Grimm C, Zapp 
ML, Rekosh D, et al. The constitutive transport ele-
ment (CTE) of Mason-Pfizer monkey virus (MPMV) 
accesses a cellular mRNA export pathway. EMBO 
J 1997; 16:7500-10; PMID:9405378; http://dx.doi.
org/10.1093/emboj/16.24.7500

90. Hutten S, Kehlenbach RH. CRM1-mediated nuclear 
export: to the pore and beyond. Trends Cell Biol 
2007; 17:193-201; PMID:17317185; http://dx.doi.
org/10.1016/j.tcb.2007.02.003

91. Elton D, Simpson-Holley M, Archer K, Medcalf 
L, Hallam R, McCauley J, et al. Interaction of the 
influenza virus nucleoprotein with the cellular CRM1-
mediated nuclear export pathway. J Virol 2001; 75:408-
19; PMID:11119609; http://dx.doi.org/10.1128/
JVI.75.1.408-419.2001

92. Ma K, Roy AM, Whittaker GR. Nuclear export of 
influenza virus ribonucleoproteins: identification of an 
export intermediate at the nuclear periphery. Virology 
2001; 282:215-20; PMID:11289803; http://dx.doi.
org/10.1006/viro.2001.0833

93. Watanabe K, Takizawa N, Katoh M, Hoshida K, 
Kobayashi N, Nagata K. Inhibition of nuclear 
export of ribonucleoprotein complexes of influenza 
virus by leptomycin B. Virus Res 2001; 77:31-42; 
PMID:11451485; http://dx.doi.org/10.1016/S0168-
1702(01)00263-5

94. Arts GJ, Fornerod M, Mattaj IW. Identification of a 
nuclear export receptor for tRNA. Curr Biol 1998; 
8:305-14; PMID:9512417; http://dx.doi.org/10.1016/
S0960-9822(98)70130-7

95. Bohnsack MT, Regener K, Schwappach B, Saffrich R, 
Paraskeva E, Hartmann E, et al. Exp5 exports eEF1A 
via tRNA from nuclei and synergizes with other trans-
port pathways to confine translation to the cytoplasm. 
EMBO J 2002; 21:6205-15; PMID:12426392; http://
dx.doi.org/10.1093/emboj/cdf613

96. Calado A, Treichel N, Müller EC, Otto A, Kutay U. 
Exportin-5-mediated nuclear export of eukaryotic elon-
gation factor 1A and tRNA. EMBO J 2002; 21:6216-
24; PMID:12426393; http://dx.doi.org/10.1093/
emboj/cdf620

97. Kutay U, Lipowsky G, Izaurralde E, Bischoff FR, 
Schwarzmaier P, Hartmann E, et al. Identification of a 
tRNA-specific nuclear export receptor. Mol Cell 1998; 
1:359-69; PMID:9660920; http://dx.doi.org/10.1016/
S1097-2765(00)80036-2

98. Lund E, Güttinger S, Calado A, Dahlberg JE, Kutay 
U. Nuclear export of microRNA precursors. Science 
2004; 303:95-8; PMID:14631048; http://dx.doi.
org/10.1126/science.1090599

99. Yi R, Qin Y, Macara IG, Cullen BR. Exportin-5 
mediates the nuclear export of pre-microRNAs and 
short hairpin RNAs. Genes Dev 2003; 17:3011-
6; PMID:14681208; http://dx.doi.org/10.1101/
gad.1158803

100. Schneider J, Wolff T. Nuclear functions of the influ-
enza A and B viruses NS1 proteins: do they play a 
role in viral mRNA export? Vaccine 2009; 27:6312-
6; PMID:19840666; http://dx.doi.org/10.1016/j.vac-
cine.2009.01.015

101. Satterly N, Tsai PL, van Deursen J, Nussenzveig 
DR, Wang Y, Faria PA, et al. Influenza virus targets 
the mRNA export machinery and the nuclear pore 
complex. Proc Natl Acad Sci USA 2007; 104:1853-
8; PMID:17267598; http://dx.doi.org/10.1073/
pnas.0610977104

102. Salvatore M, Basler CF, Parisien JP, Horvath CM, 
Bourmakina S, Zheng H, et al. Effects of influenza A 
virus NS1 protein on protein expression: the NS1 pro-
tein enhances translation and is not required for shutoff 
of host protein synthesis. J Virol 2002; 76:1206-
12; PMID:11773396; http://dx.doi.org/10.1128/
JVI.76.3.1206-1212.2002

74. Amorim MJ, Read EK, Dalton RM, Medcalf L, Digard 
P. Nuclear export of influenza A virus mRNAs requires 
ongoing RNA polymerase II activity. Traffic 2007; 
8:1-11; PMID:17132145; http://dx.doi.org/10.1111/
j.1600-0854.2006.00507.x

75. Wang W, Cui ZQ, Han H, Zhang ZP, Wei HP, Zhou 
YF, et al. Imaging and characterizing influenza A virus 
mRNA transport in living cells. Nucleic Acids Res 
2008; 36:4913-28; PMID:18653528; http://dx.doi.
org/10.1093/nar/gkn475

76. Brass AL, Huang IC, Benita Y, John SP, Krishnan 
MN, Feeley EM, et al. The IFITM proteins mediate 
cellular resistance to influenza A H1N1 virus, West 
Nile virus, and dengue virus. Cell 2009; 139:1243-
54; PMID:20064371; http://dx.doi.org/10.1016/j.
cell.2009.12.017

77. Hao L, Sakurai A, Watanabe T, Sorensen E, Nidom 
CA, Newton MA, et al. Drosophila RNAi screen 
identifies host genes important for influenza virus rep-
lication. Nature 2008; 454:890-3; PMID:18615016; 
http://dx.doi.org/10.1038/nature07151

78. Karlas A, Machuy N, Shin Y, Pleissner KP, Artarini A, 
Heuer D, et al. Genome-wide RNAi screen identifies 
human host factors crucial for influenza virus replica-
tion. Nature 2010; 463:818-22; PMID:20081832; 
http://dx.doi.org/10.1038/nature08760

79. Shapira SD, Gat-Viks I, Shum BO, Dricot A, de Grace 
MM, Wu L, et al. A physical and regulatory map of 
host-influenza interactions reveals pathways in H1N1 
infection. Cell 2009; 139:1255-67; PMID:20064372; 
http://dx.doi.org/10.1016/j.cell.2009.12.018

80. Watanabe T, Watanabe S, Kawaoka Y. Cellular net-
works involved in the influenza virus life cycle. Cell 
Host Microbe 2010; 7:427-39; PMID:20542247; 
http://dx.doi.org/10.1016/j.chom.2010.05.008

81. Read EK, Digard P. Individual influenza A virus 
mRNAs show differential dependence on cellular 
NXF1/TAP for their nuclear export. J Gen Virol 
2010; 91:1290-301; PMID:20071484; http://dx.doi.
org/10.1099/vir.0.018564-0

82. Gatfield D, Izaurralde E. REF1/Aly and the additional 
exon junction complex proteins are dispensable for 
nuclear mRNA export. J Cell Biol 2002; 159:579-
88; PMID:12438415; http://dx.doi.org/10.1083/
jcb.200207128

83. Longman D, Johnstone IL, Cáceres JF. The Ref/Aly 
proteins are dispensable for mRNA export and devel-
opment in Caenorhabditis elegans. RNA 2003; 9:881-
91; PMID:12810921; http://dx.doi.org/10.1261/
rna.5420503

84. Bier K, York A, Fodor E. Cellular cap-binding proteins 
associate with influenza virus mRNAs. J Gen Virol 
2011; 92:1627-34; PMID:21402597; http://dx.doi.
org/10.1099/vir.0.029231-0

85. Huang Y, Gattoni R, Stévenin J, Steitz JA. SR 
splicing factors serve as adapter proteins for TAP-
dependent mRNA export. Mol Cell 2003; 11:837-43; 
PMID:12667464; http://dx.doi.org/10.1016/S1097-
2765(03)00089-3

86. Shih SR, Krug RM. Novel exploitation of a nuclear 
function by influenza virus: the cellular SF2/ASF splic-
ing factor controls the amount of the essential viral M2 
ion channel protein in infected cells. EMBO J 1996; 
15:5415-27; PMID:8895585

87. Morita M, Kuba K, Ichikawa A, Nakayama M, Katahira 
J, Iwamoto R, et al. The lipid mediator protectin D1 
inhibits influenza virus replication and improves severe 
influenza. Cell 2013; 153:112-25; PMID:23477864; 
http://dx.doi.org/10.1016/j.cell.2013.02.027

88. Bachi A, Braun IC, Rodrigues JP, Panté N, Ribbeck 
K, von Kobbe C, et al. The C-terminal domain of 
TAP interacts with the nuclear pore complex and pro-
motes export of specific CTE-bearing RNA substrates. 
RNA 2000; 6:136-58; PMID:10668806; http://dx.doi.
org/10.1017/S1355838200991994


