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Abstract: The influenza A virus (IAV), a member of the Orthomyxoviridae family, is a highly
transmissible respiratory pathogen and represents a continued threat to global health with
considerable economic and social impact. IAV is a zoonotic virus that comprises a plethora of strains
with different pathogenic profiles. The different outcomes of viral pathogenesis are dependent on the
engagement between the virus and the host cellular protein interaction network. The interactions
may facilitate virus hijacking of host molecular machinery to fulfill the viral life cycle or trigger
host immune defense to eliminate the virus. In recent years, much effort has been made to discover
the virus—host protein interactions and understand the underlying mechanisms. In this paper, we
review the recent advances in our understanding of IAV-host interactions and how these interactions
contribute to host defense and viral pathogenesis.
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1. Introduction

Influenza A virus (IAV) is a human respiratory pathogen that causes seasonal epidemics and
occasional global pandemics with devastating levels of morbidity and mortality [1-4]. IAV is an
enveloped virus that belongs to the Orthomyxoviridae family [5]. On the lipid bilayer of virus particle,
there are two abundant membrane proteins, hemagglutinin (HA) and neuraminidase (NA), and a
few copies of matrix protein 2 (M2). Beneath the lipid membrane is matrix protein 1 (M1), which
forms a shell and gives strength and rigidity to the lipid envelope. Within the core of the virion
are eight segments of negative-sense single-stranded RNA genome encoding at least 11 proteins.
Each RNA segment is associated with multiple copies of nucleoproteins (NP) and a small number of
heterotrimeric RNA-dependent RNA polymerase complexes that comprise polymerase acidic (PA),
polymerase basic 1 (PB1) and polymerase basic 2 (PB2), which together form the ribonucleoprotein
complex (RNP).

To initiate infection, HA binds to sialic acid-linked glycolipids or glycoproteins on host cell surface.
Subsequently, the virus ferries into cytoplasm through the endocytic pathway. In the late endosome,
low pH conditions trigger conformational changes of HA and the fuse between viral and endosomal
membranes, thereby forming a fusion pore ready for the release of viral RNP into cytosol. At the
same time, M2 functions as a viral ion channel protein to assist RNP dissociation from M1 proteins.
Once RNP is exposed in the cytoplasm, it migrates to the nucleus, where the viral genome serves as
a template for synthesis of mRNA and complementary RNA; the latter functions as a template for
genomic RNA replication. The newly synthesized viral RNPs (VRNPs) are exported to the cytoplasm
with the assistance of M1 and non-structural protein 2 (NS2). The vRNPs are assembled with HA, NA,
M1, and M2 under the cell membrane. Finally, the budding viral progenies are freed from the infected
host cell by the cleavage of NA on the sialic acid.
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IAV is a zoonotic virus that also infects many other species, such as wild waterfowl, poultry, and
pigs. LAV is subtyped based on genetic and antigenic differences in the HA and NA glycoproteins.
Currently, there are 18 HA subtypes and 11 NA subtypes have been detected in the wild [6].
Although HA and NA are critical for viral entry and egress, other viral proteins express in host
cells and encounter the cellular protein network, which also determines the virus fate in host and
contributes to viral pathogenesis. This review focuses on recent advances of the interactions between
IAV proteins and host cellular factors.

2. Non-Structural Protein 1 (NS1)

NS1 is a late expressing viral protein and not packed in the IAV virion. NS1 has been extensively
studied in recent years due to its multifunctional trait [1-4,7], which involves host innate immune
defense, host and viral mRNA expression, apoptosis, viral RNA splicing and morphogenesis. Most of
these NS1 functions are dependent on the protein interaction with host factors. For example,
NS1 binds to the cellular double-stranded RNA sensors such as protein kinase R (PKR) [8-10],
retinoic-acid inducible gene I (RIG-I) [11] and 2'-5’ oligoadenylate synthetase [12] directly or indirectly
through viral RNA, thereby preventing these sensors from activating innate immune responses
including type I interferon expression. NS1 also interacts with the regulators of these sensors, such
as the protein activator EIF2AK2 ((PRKRA, also known as PACT) [13], tripartite motif containing
25 (TRIM25) [14], and NF90 [15]. TRIM25 is an E3 ligase that ubiquitinates RIG-I, which is critical
for RIG-I activation [16]. NSI interacts with the coiled-coil domain of TRIM25, thus blocking
TRIM25-mediated RIG-I activation [14]. Additionally, NS1 interacts with IKKa/b to impair the nuclear
Factor kappa-light-chain-enhancer of activated B cells (NF-«B) signaling pathway [17], whereas the
interaction with RNA-associated protein 55 (RAP55) counteracts the stress granule-mediated antiviral
activity [18].

In addition to subversion of the innate immune signaling pathway, NS1 blocks host defense
by suppression of cellular mRNA nuclear export and expression, such as the expression of type I
interferon genes. NS1 interacts with poly(A)-binding protein II (PABPII) [19] and host mRNA export
machinery consisting of nuclear rna export factor 1 (NXF1), ribonucleic acid export 1 (RAE1) and
E1B-55K-associated protein 5 (E1B-AP5) [20]. These interactions block the nuclear export of fully
processed host mRNAs. NS1 also interacts with the 30 kDa subunit of cleavage and polyadenylation
specificity factor (CPSF30), which prevents CPSF30 from binding cellular pre-mRNAs, thereby
inhibiting the cleavage and polyadenylation of host mRNAs [21-23]. Several residues of NS1 are
required for CPSF30 interaction, including F103 and M106 [24]. F103 and M106 are conserved among
most human IAVs, but are mutated in some strains, such as PR8 [24]. Consistently, the NS1 of PR8
TIAV fails to interact with CPSF30 [25,26]. More importantly, L103F and I1106M mutations in the NS1 of
H5N1 viruses increase NS1 interaction with CPSF30, thereby suppressing type I interferon expression
and facilitating viral replication [25]. These studies set excellent examples of how the influenza-host
protein interaction controls and host defense and virulence.

It is also well established that NS1 activates the phosphoinositide 3-kinase (PI3K)/AKT
serine/threonine kinase 1 (AKT) pathway, which delays virus-induced apoptosis and provides
sufficient time for virus replication [27-30]. NS1 binds directly to the p85 beta regulatory isoform of
PI3K [28,30-34]. Recent studies also found that the NS1 activate PI3K by binding the N-terminal SH3
domains of Crk and/or CrkL [29,35,36]. Additionally, NS1 has been found to interact with AKT [37]
and p53 [38] to promote cell survival. On the contrary, NS1 interacts with heat hock protein 90 [39]
and alpha tubulin [40] to facilitate apoptosis.

Furthermore, NS1 interacts with host proteins containing a PSD-95/Discs-large/Z0O-1 (PDZ)
domain through the C-terminal motif consisting of “ESEV” in avian viral isolates or “RSEV” in human
viral isolates [41-44]. The PDZ binding motif of NS1 functions as a virulence determinant, which is cell
type and species-dependent [41,42,44]. When the PDZ ligand motif of pandemic 1918 and H5N1 highly
pathogenic avian influenza viruses was added to the NS1, the recombinant WSN influenza became



Int. ]. Mol. Sci. 2017, 18, 1673 30f15

more pathogenic [41]. Several PDZ domain containing proteins have been found to interact with NS1,
including the PDZ and LIM domain 2 (PDlim2) [45], postsynaptic density protein 95 (PSD-95) [46],
Scribble [47,48], discs large homolog 1 (Dlgl) [47,48], membrane associated guanylate kinase, ww and
pdz domain containing 1 (MAGI-1) [47,48], MAGI-2 [47,48], and MAGI-3 [47,48]. The interactions
with these PDZ proteins contribute to diverse biological function, such as interferon expression [49],
cellular tight junction [50] and nitric oxide production [46].

Lastly, NS1 protein utilizes host factors to facilitate viral replication, RNA splicing and viral
morphogenesis. For example, NS1 enhances the translation of viral mRNA through interaction with
elF4GI and PABPI [51]. NS1 also interacts with RNA helicase A [52] and DEAD-box RNA helicase
21 (DDX21) [53] to regulate viral replication and gene expression. NS1-binding protein (NS1-BP) forms
a complex with heterogeneous nuclear ribonucleoproteins and regulates viral M1 RNA splicing [54].
In the late stages of the viral replication cycle, the NS1 protein may be involved in morphogenesis of
the virus particles through binding with the Staufen protein [55,56].

3. Non-Structural Protein 2 (NS2)

The non-structural protein NS2 (also known as nuclear export protein [57]) regulates viral genome
transcription/replication [58,59], nuclear export of vRNP complexes [60-64], and virus budding [59,65].
Several studies have shown that NS2 acts as an adaptor to mediate the progeny vRNP nuclear export
by forming protein complex with chromosome region maintenance 1 (CRM1) and M1 [60-64]. The N
terminal nuclear export signal (NES) of NS2 interacts with the CRM1 while the C terminus binds the M1
protein, thereby forming the CRM1-NS2-M1-vRNP nuclear export complex [57,60,61,66,67]. Recently,
the chromodomain helicase DNA binding protein 3 (CHD3) was found to interact with the NES of
NS2 and facilitate vRNP export [68]. vRNP is exported through the nuclear pore complex (NPC).
The nucleoporin 98 (Nup98), a NPC component, was identified as a NS2 interacting protein; however,
the consequence of the interaction is not well elucidated [69].

In addition, it has been reported that NS2 interacts with the plasma membrane-associated F1Fo
ATPase, which is critical for influenza virion formation and budding [65]. Recently, NS2 has been
found to interact with aminoacyl-tRNA synthetase (AIMP2) [70]. The interaction of NS2 with AIMP2
facilitates the switch of the M1 modification from ubiquitination to SUMOylation, thus increasing viral
replication [70].

4. M1

The M1 protein of IAV mediates nuclear export of viral ribonucleoproteins [71], inhibits viral
transcription [72,73], participates virus assembly and budding [74], and modulates host defense [75].
Several host factors have been found to involve some of these processes by interacting with M1.
For example, the cellular receptor of activated C kinase 1 (RBCK1) interacts with M1 and might bridge
protein kinase C (PKC) to the proximity, which subsequently phosphorylates the M1 [76]. Extracellular
signal-regulated kinase (ERK) has also been shown to phosphorylate M1 in vitro [77]. Cyclophilin A
interacts with M1 and impairs early virus replication [78]. M1 also interacts with complement C1gA,
which blocks the classical complement pathway by disruption of the interaction between C1qA and
heat-aggregated IgG [75]. In addition, the globular domain of the histone octamer [79], heat-shock
protein 70 [80], cytoskeletal elements [81], and caspases [82] have been shown to associate with M1,
but the underlying mechanisms are not clear.

5. M2

M2 functions as a proton-selective ion channel that conducts protons from the acidified endosomes
into the interior of the virus particle to allow the release of the vRNPs into the cytoplasm [83,84]. It is
also known that M2 regulates IAV assembly and budding [85-89]. Recently, several host proteins
have been found to associate with M2 and regulates viral protein transport. The Golgi-specific
brefeldin A resistant guanine nucleotide exchange factor 1(GBF1) associates with M2, which is crucial
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for viral protein transport to the plasma membrane [90]. The putative ubiquitin ligase UBR4 also
associates with the viral M2 protein and promotes apical transport of viral proteins [91]. The transport
protein particle complex 6A delta (TRAPPC6AA) was reported to interact with M2 [92]. The interaction
positively regulates viral replication in vitro by modulating M2 trafficking to the plasma membrane [92].
Additionally, the cytoplasmic domain of influenza M2 protein interacts with caveolin-1 [93], but
whether this interaction affects viral trafficking is not known.

6. Nucleoprotein (NP)

NP is the most abundantly expressed viral protein during the course of infection and plays
multiple roles in viral life cycle, including nuclear transport of vRNP, and transcription and replication
of the viral genome. Much effort has been made to elucidate how host factors assist NP nuclear
transport. For example, karyopherin subunit o« 1 (KPNA1, also known as NPI-1 and SRP-1) and o 2
(KPNAZ2, also known as NPI-2 and Rch-1) are the first identified NP-interacting proteins that facilitate
NP nuclear import [94-96]. Recently, the nuclear localization signal of NP has been show to interact
with importin 5 (IPO5, also known as KPNB3) for nuclear import [97]. Similarly, NP also binds CRM1
and nuclear transport factor 2 (NTF2)-like export protein 1 (NXT1) for nuclear export [98,99].

In addition, NP exploits cellular factors through protein interaction to promote viral replication
and suppress host innate immune response. The DExD-box helicase 39B (DDX39B, also known as
BAT1, NPI-5, and UAP56) and high mobility group box 1 (HMGBL1) have been reported to interact
with NP, which promotes viral RNA synthesis and viral replication [100,101]. NP also exploits heat
shock protein 40 (Hsp40) to inhibit PKR activation [102]. Additionally, the Ccr4-Not transcription
complex subunit 4 (CNOT4) binds and ubiquitinates NP to promote viral RNA replication [103].

On the contrary, host elicits intrinsic and innate immune responses by direct interaction with
the viral NP protein. For example, the nuclear MxA suppresses the influenza virus transcription by
interacting with NP [104]. RuvB-like protein 2 interferes with NP oligomerization, thereby disrupting
vRNP assembly [105]. DEAD-box RNA helicase 3 (DDX3) interacts with NP and exerts antiviral
function through regulation of stress granule formation [106]. Interferon-stimulated exonuclease gene
20 interacts with NP and inhibits viral protein expression [107]. The E3 ligase TRIM22 was reported to
ubiquitinate NP and target it for protein degradation, thereby inhibiting viral replication [108].

7. PB1 Frame 2 (PB1-F2)

PB1-F2 is a small non-structural viral protein, encoded by an alternate (+1) reading frame within
the PB1 gene [109-111]. PB1-F2 localizes to mitochondrial membranes and induces cell death [109].
PB1-F2 interacts with the mitochondrial proteins adenine nucleotide translocator 3 (ANT3) and
voltage-dependent anion channel 1 (VDAC-1) [110], which destabilizes mitochondrial membrane
and subsequently promotes apoptosis [110]. Conversely, the nucleotide-binding oligomerization
domain-like receptor (NLRX1) binds to PB1-F2 and prevents mitochondrial apoptosis [112].

Although the NS1 is thought of as the key viral protein that inhibits host innate immunity;,
recent studies revealed that PB1-F2 also blocks antiviral innate responses [113,114]. However, PB1-F2
counteracts host defense in a different way from NS1. NS1 exerts a global inhibitory effect on host gene
expression including interferon expression whereas PB1-F2 specifically subverts the innate immune
signaling pathway. PB1-F2 interacts with IKKb and inhibits NF-«kB signaling [115]. PB1-F2 also binds
to the mitochondrial antiviral signaling protein (MAVS), the key molecule on mitochondria of RIG-I
signaling pathway and reduces mitochondrial membrane potential [113,114], thus indirectly inhibiting
viral RNA-activated RIG-I signaling pathway.

8. Polymerase Complex

Replication and transcription of these IAV segments are catalyzed by a heterotrimeric
RNA-dependent RNA polymerase complex, which consists of an acidic subunit (PA) and two
basic subunits (PB1 and PB2) [116,117]. Replication and transcription of the IAV genome are not



Int. J. Mol. Sci. 2017, 18, 1673 50f 15

sufficient when only viral components are present, suggesting cellular factor(s) is exploited to fulfill
the process [118]. Using an in vitro RNA synthesis assay in combined with fractionation of cell nuclear
extracts, Nagata’s group identified BAT1 and heat shock protein 90 (Hsp90) as the cellular factors
required for viral replication [100,119]. BAT1 interacts with NP while Hsp90 associates with PB2
monomers or PB2/PB1 heterodimers [119,120]. Hsp90 is able to stimulate viral RNA polymerase
activity and is involved in the trimeric polymerase complex assembly and nuclear import of the
virus polymerase subunits [119,120]. Recently, acidic nuclear phosphoprotein 32 family member
A (ANP32A, also known as pp32) and B (ANP32B, also known as APRIL) were identified as viral
polymerase interacting proteins that regulates influenza virus RNA synthesis from complementary
RNA (cRNA) [121]. ANP32A has also been identified as a key cellular co-factor that dictates host
specificity. The chicken ANP32A is required for the sufficient replication of avian flu in human
cells [122]. Viruses encoding an avian-origin polymerase replicate poorly in mammalian cells and
are attenuated in mammalian hosts [123], suggesting the existing of unknown host determinants.
ANP32A is one of such candidates because the 33-amino acid insert of chicken ANP32A is missing
in mammalian counterparts and required for avian influenza polymerase activity [122]. The exciting
finding also raises new questions that remain to be answered—for example, how the 33-amino acid
insert of ANP32A discriminates the viral polymerases of avian and mammalian influenza viruses,
whether it increases the binding affinity with avian influenza polymerase and how it regulates
polymerase activity.

Several other host cellular proteins were also found to interact with influenza virus polymerase
and promote viral replication, including cyclin-dependent kinase 9 [124], protein phosphatase 6 [125],
C140rf166 (also known as CLE) [126,127], heat shock protein 40 [128], heat shock protein 70 [129],
and acetyl-CoA [130]. In addition, the DNA replication regulator and spliceosomal factor SMU-1 is
recruited by IAV polymerase to control viral mRNA splicing [131]. Recently, influenza viral polymerase
complex was found to recruit the nuclear RNA exosome complex for cap-snatching [132]. The nuclear
RNA exosome coordinates the initial steps of viral transcription with RNAPII at host promoters.
Influenza viral polymerase complex co-opts the nuclear RNA exosome complex and cellular RNAs en
route to 3’ end degradation, thus snatching host 5’ cap as a primer for the initiation of viral mRNA
synthesis [132]. RNA exosome and its cofactors are known to recognize and degrade different viral
RNAs [133], but how influenza protects its RNA from RNA exosome needs further investigation.

It has been reported that PB2 enters the nucleus by interacting with importin isoforms [95,132,134],
and the interaction between PB2 and different importin isoforms governs the cell tropism of
IAV [95,132,134-136]. Recently, one study reported that cellular protein HAX1 interacts with the
influenza virus PA polymerase subunit and impedes its nuclear translocation [137].

Since the activity of RNA-dependent polymerases is distinct from enzymes found in host cells,
these viral proteins are potential targets of host immune defense. Recently, our lab found that two host
factors, tripartite motif protein 32 (TRIM32) and plakophilin 2 (PKP2), interact with PB1 and impede
viral polymerase activity by two distinct mechanisms [26,138]. TRIM32 is an E3 ubiquitin ligase and
targets viral PB1 protein for ubiquitination and subsequent protein degradation [138]. PKP2 competes
with PB2 for PB1 binding and impairs the integrity of viral polymerase complexes, thereby limiting
viral polymerase activity [26]. DDX21 RNA helicase also restricts influenza A virus by binding PB1
and inhibiting polymerase assembly [53]. Conversely, viral polymerase PB2 has been found to subvert
host innate immunity. A small portion of PB2 expresses in mitochondria and inhibits host interferon
production by interacting with MAVS, a key signaling molecule of RIG-I-mediated innate immunity
pathway [139,140].

9. Systematic Map of IAV-Host Protein Interactome

The identification of interactions between viral and host cellular proteins has provided
major insights into influenza research, and recent advances in technology now allow for
systematically mapping influenza-host protein interaction network. Several publications have reported
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a cohort of cellular factors that interact with IAV proteins by large-scale proteomics or yeast
two-hybrid [26,90,91,141-144]. We will compare three recent comprehensive studies using a single
influenza strain [90,91,141] and our own study using multiple strains [26]. All four studies adopted
affinity purification coupled with mass spectrometry with different features (Table 1). Surprisingly,
the overlap of specific protein interactions identified by these studies is relatively low (Figure 1).
Reasons for the discrepancy could be the false positives and false negatives endemic to the systematic
approach, or other conditions such as virus strain, cell type, and statistical algorithm (Table 1).
Nonetheless, a total of 136 common protein interactions have been found in at least three studies
(Figure 1 and Supplementary Table S1), which are worthy of further investigation. For example, all
four studies found that M2 interacts with two subunits of the transport protein particle complex
(TRAPPC), TRAPPC5 and TRAPPC9 (Supplementary Table S1), suggesting a role of TRAPPC in the
regulation of influenza M2. Indeed, a recent study found that TRAPPC is required for M2 trafficking
to the apical plasma membrane and promotes viral replication [92], which is an excellent example of
how we gain insight from systematic protein interaction data.

Although these studies provide unprecedented molecular insights into host—pathogen interactions,
most of the interactions have not been validated using small-scale and more directed experiments.
Furthermore, as with the nature of systematic study, these databases may not represent a complete
interaction network; in fact, a few well-established interactions are missing in some of these databases.

Table 1. Recent IAV-host protein interactomes discussed in the review.

References Strain Epitope Cell Line  Viral Infection  Statistical Algorithm
Watanabe et al. [90] WSN FLAGatNor  pyppogs No N/A
C terminal
. . CompPASS [145] and
Tripathi et al. [91] WSN FLAG HEK293 No MST [146]
Heaton et al. [141] PR8 FLAG A549 Yes MiST [146]

PR8, WSN, Aichi, FLAG atN or

Wang etal. [26] NY/2009, VN/2004  C terminal

HEK293 Yes SAINT [147]

O Watanabe et al. [90]
(O Tripathietal. [91]
O Heaton etal. [141]

O Wang et al. [26]

Figure 1. Venn diagrams illustrating the number of common host factors identified in different studies.

10. Perspectives

Influenza control strategies rely on annual immunizations and require frequent updates of the
vaccine, an expensive, cumbersome, and not always foolproof process [148,149]. Furthermore, the
currently antivirals are also losing effectiveness as new viral strains are often refractory to conventional
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treatments. Thus, there is an urgent need to find new antiviral mechanisms and develop therapeutic
drugs based on these mechanisms. As reviewed in this paper, virus exploits cellular machinery by
protein interactions and on the contrary, the engagement also elicits host immune defense to limit viral
infection. Therefore, the potential therapeutic targets at the influenza—host interface are promising.

Most virus-host protein interactions have only been studied in a few strains that are widely
used in the laboratory; however, IAV comprises a plethora of strains with different pathogenicity;,
transmissibility, and pandemic potential. For example, the NS1 of 2009 pandemic flu lacks all
previously identified virulence markers [1,150] and little is known about the underlying mechanisms
by which the NS1 of 2009 pandemic flu contributes to the outcomes of pathogenicity and pandemics.
Comparative analysis of NS1 protein interactomes of different influenza strains will provide insights
and clues to the answer. Furthermore, most protein interactions are identified under static conditions.
Dynamic interactions under infection and pathogenic conditions are more attractive because they reflect
the intrinsic signaling cascades. For example, hypoxia affects influenza virus proliferation [151,152],
but how hypoxia alters influenza—host protein interactions arise not known. Thus, future research
should improve our understanding of the different pathologies associated with various IAV strains,
and the diverse nature of these viruses is reflected in the spectrum of interactions with host proteins.
Ultimately, comprehensive knowledge of IAV-host interactions may help us decipher the therapeutic
targets and the molecular mechanisms of viral pathogenesis.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1673/s1.

Acknowledgments: We apologize to all those colleagues whose important work is not cited because of space
limitations. This work was supported by NIH grant R15A1126360 (Shitao Li), NIH pilot grant P20GM103648
(Shitao Li), and OCAST grant HR17-045 (Shitao Li).

Author Contributions: Shitao Li conceived the project; Mengmeng Zhao, Lingyan Wang; and Shitao Li wrote
the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tscherne, D.M.; Garcia-Sastre, A. Virulence determinants of pandemic influenza viruses. J. Clin. Investig.
2011, 121, 6-13. [CrossRef] [PubMed]

2. Fukuyama, S.; Kawaoka, Y. The pathogenesis of influenza virus infections: The contributions of virus and
host factors. Curr. Opin. Immunol. 2011, 23, 481-486. [CrossRef] [PubMed]

3. Hale, B.G.; Albrecht, R.A.; Garcia-Sastre, A. Innate immune evasion strategies of influenza viruses.
Future Microbiol. 2010, 5, 23-41. [CrossRef] [PubMed]

4. Kawaoka, Y. Influenza Virology: Current Topics; Caister Academic Press: Wymondham, UK, 2006.

5. Lamb, R.A.; Krug, RM. Orthomyxoviridae: The Viruses and Their Replication; Lippincott-Raven Publishers:
Philadelphia, PA, USA, 1996; p. 63.

6.  Yoon, S.W.; Webby, R.].; Webster, R.G. Evolution and ecology of influenza A viruses. Curr. Top. Microbiol. Immunol.
2014, 385, 359-375. [PubMed]

7. Hale, B.G.; Randall, R.E.; Ortin, J.; Jackson, D. The multifunctional NS1 protein of influenza a viruses.
J. Gen. Virol. 2008, 89, 2359-2376. [CrossRef] [PubMed]

8. Min,].Y,; Li, S,; Sen, G.C.; Krug, R M. A site on the influenza A virus NS1 protein mediates both inhibition
of PKR activation and temporal regulation of viral RNA synthesis. Virology 2007, 363, 236-243. [CrossRef]
[PubMed]

9. Li, S,; Min, J.Y,; Krug, RM.; Sen, G.C. Binding of the influenza A virus NS1 protein to PKR mediates the
inhibition of its activation by either pact or double-stranded RNA. Virology 2006, 349, 13-21. [CrossRef]
[PubMed]

10. Tan, S.L.; Katze, M.G. Biochemical and genetic evidence for complex formation between the influenza A
virus NS1 protein and the interferon-induced PKR protein kinase. J. Interferon Cytokine Res. 1998, 18, 757-766.
[CrossRef] [PubMed]


www.mdpi.com/1422-0067/18/8/1673/s1
http://dx.doi.org/10.1172/JCI44947
http://www.ncbi.nlm.nih.gov/pubmed/21206092
http://dx.doi.org/10.1016/j.coi.2011.07.016
http://www.ncbi.nlm.nih.gov/pubmed/21840185
http://dx.doi.org/10.2217/fmb.09.108
http://www.ncbi.nlm.nih.gov/pubmed/20020828
http://www.ncbi.nlm.nih.gov/pubmed/24990620
http://dx.doi.org/10.1099/vir.0.2008/004606-0
http://www.ncbi.nlm.nih.gov/pubmed/18796704
http://dx.doi.org/10.1016/j.virol.2007.01.038
http://www.ncbi.nlm.nih.gov/pubmed/17320139
http://dx.doi.org/10.1016/j.virol.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/16466763
http://dx.doi.org/10.1089/jir.1998.18.757
http://www.ncbi.nlm.nih.gov/pubmed/9781815

Int. ]. Mol. Sci. 2017, 18, 1673 8 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Guo, Z.; Chen, LM,; Zeng, H.; Gomez, ].A.; Plowden, ].; Fujita, T.; Katz, ].M.; Donis, R.O.; Sambhara, S. NS1
protein of influenza A virus inhibits the function of intracytoplasmic pathogen sensor, RIG-1. Am. J. Respir.
Cell Mol. Biol. 2007, 36, 263-269. [CrossRef] [PubMed]

Min, J.Y,; Krug, R.M. The primary function of RNA binding by the influenza A virus NS1 protein in infected
cells: Inhibiting the 2'-5' oligo (A) synthetase/RNase L pathway. Proc. Natl. Acad. Sci. USA 2006, 103,
7100-7105. [CrossRef] [PubMed]

Tawaratsumida, K.; Phan, V.; Hrincius, E.R.; High, A.A.; Webby, R.; Redecke, V.; Hacker, H. Quantitative
proteomic analysis of the influenza A virus nonstructural proteins NS1 and NS2 during natural cell infection
identifies pact as an NS1 target protein and antiviral host factor. J. Virol. 2014, 88, 9038-9048. [CrossRef]
[PubMed]

Rajsbaum, R.; Albrecht, R.A.; Wang, M.K.; Maharaj, N.P.; Versteeg, G.A.; Nistal-Villan, E.; Garcia-Sastre, A.;
Gack, M.U. Species-specific inhibition of RIG-I ubiquitination and ifn induction by the influenza A virus
NS1 protein. PLoS Pathog. 2012, 8, €1003059. [CrossRef] [PubMed]

Li, T; Li, X.; Zhu, W.E; Wang, H.Y.; Mei, L.; Wu, S.Q.; Lin, X.M.; Han, X.Q. NF90 is a novel influenza A virus
NSl-interacting protein that antagonizes the inhibitory role of NS1 on PKR phosphorylation. FEBS Lett.
2016, 590, 2797-2810. [CrossRef] [PubMed]

Gack, M.U; Shin, Y.C.; Joo, C.H.; Urano, T.; Liang, C.; Sun, L.; Takeuchi, O.; Akira, S.; Chen, Z.; Inoue, S.; et al.
TRIM25 ring-finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity. Nature 2007, 446,
916-920. [CrossRef] [PubMed]

Gao, S.; Song, L.; Li, ].; Zhang, Z.; Peng, H,; Jiang, W.; Wang, Q.; Kang, T.; Chen, S.; Huang, W. Influenza a
virus-encoded NSI virulence factor protein inhibits innate immune response by targeting IKK. Cell Microbiol.
2012, 14, 1849-1866. [CrossRef] [PubMed]

Mok, B.W,; Song, W.; Wang, P; Tai, H.; Chen, Y.; Zheng, M.; Wen, X,; Lau, S.Y.; Wu, W.L.; Matsumoto, K,; et al.
The NSI1 protein of influenza A virus interacts with cellular processing bodies and stress granules through
RNA-associated protein 55 (RAP55) during virus infection. J. Virol. 2012, 86, 12695-12707. [CrossRef]
[PubMed]

Chen, Z; Li, Y.; Krug, R M. Influenza A virus NS1 protein targets poly(A)-binding protein II of the cellular
3'-end processing machinery. EMBO ]. 1999, 18, 2273-2283. [CrossRef] [PubMed]

Satterly, N.; Tsai, PL.; van Deursen, ]J.; Nussenzveig, D.R.; Wang, Y.; Faria, PA.; Levay, A.; Levy, D.E,;
Fontoura, B.M. Influenza virus targets the mRNA export machinery and the nuclear pore complex. Proc. Natl.
Acad. Sci. USA 2007, 104, 1853-1858. [CrossRef] [PubMed]

Nemeroff, M.E.; Barabino, S.M.; Li, Y.; Keller, W.; Krug, R M. Influenza virus NS1 protein interacts with
the cellular 30 kDa subunit of CPSF and inhibits 3'end formation of cellular pre-mRNAs. Mol. Cell 1998, 1,
991-1000. [CrossRef]

Noah, D.L.; Twu, KY.; Krug, R M. Cellular antiviral responses against influenza A virus are countered at the
posttranscriptional level by the viral NS1A protein via its binding to a cellular protein required for the 3' end
processing of cellular pre-mRNAs. Virology 2003, 307, 386-395. [CrossRef]

Twu, K.Y.; Noah, D.L.; Rao, P; Kuo, R.L.; Krug, R M. The CPSF30 binding site on the NS1A protein of
influenza A virus is a potential antiviral target. J. Virol. 2006, 80, 3957-3965. [CrossRef] [PubMed]

Das, K.; Ma, L.C.; Xiao, R.; Radvansky, B.; Aramini, ].; Zhao, L.; Marklund, J.; Kuo, R.L.; Twu, K.Y.; Arnold, E.;
et al. Structural basis for suppression of a host antiviral response by influenza A virus. Proc. Natl. Acad.
Sci. USA 2008, 105, 13093-13098. [CrossRef] [PubMed]

Twu, K.Y.; Kuo, R.L.; Marklund, J.; Krug, RM. The H5N1 influenza virus NS genes selected after 1998
enhance virus replication in mammalian cells. J. Virol. 2007, 81, 8112-8121. [CrossRef] [PubMed]

Wang, L.; Fu, B.; Li, W,; Patil, G.; Liu, L.; Dorf, M.E.; Li, S. Comparative influenza protein interactomes
identify the role of plakophilin 2 in virus restriction. Nat. Commun. 2017, 8, 13876. [CrossRef] [PubMed]
Fan, S.; Macken, C.A,; Li, C.; Ozawa, M.; Goto, H.; Iswahyudi, N.F; Nidom, C.A.; Chen, H.; Neumann, G.;
Kawaoka, Y. Synergistic effect of the PDZ and p85 3-binding domains of the NS1 protein on virulence of an
avian H5N1 influenza a virus. J. Virol. 2013, 87, 4861-4871. [CrossRef] [PubMed]

Shin, YK,; Li, Y;; Liu, Q.; Anderson, D.H.; Babiuk, L.A.; Zhou, Y. SH3 binding motif 1 in influenza A virus NS1
protein is essential for PI3K/ Akt signaling pathway activation. J. Virol. 2007, 81, 12730-12739. [CrossRef]
[PubMed]


http://dx.doi.org/10.1165/rcmb.2006-0283RC
http://www.ncbi.nlm.nih.gov/pubmed/17053203
http://dx.doi.org/10.1073/pnas.0602184103
http://www.ncbi.nlm.nih.gov/pubmed/16627618
http://dx.doi.org/10.1128/JVI.00830-14
http://www.ncbi.nlm.nih.gov/pubmed/24899174
http://dx.doi.org/10.1371/journal.ppat.1003059
http://www.ncbi.nlm.nih.gov/pubmed/23209422
http://dx.doi.org/10.1002/1873-3468.12311
http://www.ncbi.nlm.nih.gov/pubmed/27423063
http://dx.doi.org/10.1038/nature05732
http://www.ncbi.nlm.nih.gov/pubmed/17392790
http://dx.doi.org/10.1111/cmi.12005
http://www.ncbi.nlm.nih.gov/pubmed/22891964
http://dx.doi.org/10.1128/JVI.00647-12
http://www.ncbi.nlm.nih.gov/pubmed/22973032
http://dx.doi.org/10.1093/emboj/18.8.2273
http://www.ncbi.nlm.nih.gov/pubmed/10205180
http://dx.doi.org/10.1073/pnas.0610977104
http://www.ncbi.nlm.nih.gov/pubmed/17267598
http://dx.doi.org/10.1016/S1097-2765(00)80099-4
http://dx.doi.org/10.1016/S0042-6822(02)00127-7
http://dx.doi.org/10.1128/JVI.80.8.3957-3965.2006
http://www.ncbi.nlm.nih.gov/pubmed/16571812
http://dx.doi.org/10.1073/pnas.0805213105
http://www.ncbi.nlm.nih.gov/pubmed/18725644
http://dx.doi.org/10.1128/JVI.00006-07
http://www.ncbi.nlm.nih.gov/pubmed/17522219
http://dx.doi.org/10.1038/ncomms13876
http://www.ncbi.nlm.nih.gov/pubmed/28169297
http://dx.doi.org/10.1128/JVI.02608-12
http://www.ncbi.nlm.nih.gov/pubmed/23408626
http://dx.doi.org/10.1128/JVI.01427-07
http://www.ncbi.nlm.nih.gov/pubmed/17881440

Int. ]. Mol. Sci. 2017, 18, 1673 9of 15

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Heikkinen, L.S.; Kazlauskas, A.; Melen, K.; Wagner, R.; Ziegler, T.; Julkunen, I.; Saksela, K. Avian and
1918 spanish influenza A virus NS1 proteins bind to crk/crkl src homology 3 domains to activate host cell
signaling. J. Biol. Chem. 2008, 283, 5719-5727. [CrossRef] [PubMed]

Hale, B.G.; Batty, LH.; Downes, C.P.; Randall, R.E. Binding of influenza A virus NS1 protein to the inter-SH2
domain of p85 suggests a novel mechanism for phosphoinositide 3-kinase activation. J. Biol. Chem. 2008, 283,
1372-1380. [CrossRef] [PubMed]

Hale, B.G.; Jackson, D.; Chen, Y.H.; Lamb, R.A.; Randall, R.E. Influenza A virus NS1 protein binds p85f
and activates phosphatidylinositol-3-kinase signaling. Proc. Natl. Acad. Sci. USA 2006, 103, 14194-14199.
[CrossRef] [PubMed]

Ehrhardt, C.; Wolff, T.; Pleschka, S.; Planz, O.; Beermann, W.; Bode, ].G.; Schmolke, M.; Ludwig, S. Influenza
A virus NS1 protein activates the PI3K/ Akt pathway to mediate antiapoptotic signaling responses. J. Virol.
2007, 81, 3058-3067. [CrossRef] [PubMed]

Zhirnov, O.P,; Konakova, T.E.; Wolff, T.; Klenk, H.D. NS1 protein of influenza A virus down-regulates
apoptosis. . Virol. 2002, 76, 1617-1625. [CrossRef] [PubMed]

Shin, YK.; Liu, Q.; Tikoo, S.K.; Babiuk, L.A.; Zhou, Y. Influenza A virus NS1 protein activates the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway by direct interaction with the p85 subunit of PI3K.
J. Gen. Virol. 2007, 88, 13-18. [CrossRef] [PubMed]

Finkelstein, D.B.; Mukatira, S.; Mehta, PK.; Obenauer, ].C.; Su, X.; Webster, R.G.; Naeve, C.W. Persistent host
markers in pandemic and H5N1 influenza viruses. J. Virol. 2007, 81, 10292-10299. [CrossRef] [PubMed]
Miyazaki, M.; Nishihara, H.; Hasegawa, H.; Tashiro, M.; Wang, L.; Kimura, T.; Tanino, M.; Tsuda, M.;
Tanaka, S. NS1-binding protein abrogates the elevation of cell viability by the influenza A virus NS1 protein
in association with CRKL. Biochem. Biophys. Res. Commun. 2013, 441, 953-957. [CrossRef] [PubMed]
Matsuda, M.; Suizu, F.; Hirata, N.; Miyazaki, T.; Obuse, C.; Noguchi, M. Characterization of the interaction
of influenza virus NS1 with AKT. Biochem. Biophys. Res. Commun. 2010, 395, 312-317. [CrossRef] [PubMed]
Wang, X.; Shen, Y.; Qiu, Y.; Shi, Z.; Shao, D.; Chen, P.; Tong, G.; Ma, Z. The non-structural (NS1) protein
of influenza A virus associates with p53 and inhibits p53-mediated transcriptional activity and apoptosis.
Biochem. Biophys. Res. Commun. 2010, 395, 141-145. [CrossRef] [PubMed]

Zhang, C.; Yang, Y.; Zhou, X.; Yang, Z.; Liu, X.; Cao, Z.; Song, H.; He, Y.; Huang, P. The NSI1 protein
of influenza A virus interacts with heat shock protein HSP90 in human alveolar basal epithelial cells:
Implication for virus-induced apoptosis. Virol. J. 2011, 8, 181. [CrossRef] [PubMed]

Han, X.Q.; Li, Z.H.; Chen, H.].; Wang, H.Y,; Mei, L.; Wu, S.Q.; Zhang, T.Y,; Liu, B.H.; Lin, X.M. Influenza
virus a/beijing/501/2009(HIN1) NS1 interacts with -tubulin and induces disruption of the microtubule
network and apoptosis on A549 cells. PLoS ONE 2012, 7, e48340. [CrossRef] [PubMed]

Jackson, D.; Hossain, M.].; Hickman, D.; Perez, D.R.; Lamb, R.A. A new influenza virus virulence determinant:
The NSI1 protein four c-terminal residues modulate pathogenicity. Proc. Natl. Acad. Sci. USA 2008, 105,
4381-4386. [CrossRef] [PubMed]

Obenauer, J.C.; Denson, J.; Mehta, PK.; Su, X.; Mukatira, S.; Finkelstein, D.B.; Xu, X.; Wang, J.; Ma, J.;
Fan, Y,; et al. Large-scale sequence analysis of avian influenza isolates. Science 2006, 311, 1576-1580.
[CrossRef] [PubMed]

Soubies, S.M.; Volmer, C.; Croville, G.; Loupias, J.; Peralta, B.; Costes, P; Lacroux, C.; Guerin, J.L.; Volmer, R.
Species-specific contribution of the four c-terminal amino acids of influenza A virus NS1 protein to virulence.
J. Viirol. 2010, 84, 6733—-6747. [CrossRef] [PubMed]

Zielecki, E; Semmler, 1.; Kalthoff, D.; Voss, D.; Mauel, S.; Gruber, A.D.; Beer, M.; Wolff, T. Virulence
determinants of avian H5N1 influenza A virus in mammalian and avian hosts: Role of the c-terminal esev
motif in the viral NS1 protein. J. Virol. 2010, 84, 10708-10718. [CrossRef] [PubMed]

Yu, J.; Li, X.;; Wang, Y.; Li, B.; Li, H; Li, Y.; Zhou, W.; Zhang, C.; Wang, Y.; Rao, Z.; et al. PDLIM2 selectively
interacts with the PDZ binding motif of highly pathogenic avian H5N1 influenza A virus NS1. PLoS ONE
2011, 6, €19511. [CrossRef] [PubMed]

Zhang, H.; Li, W.; Wang, G.; Su, Y.; Zhang, C.; Chen, X,; Xu, Y.; Li, K. The distinct binding properties between
avian/human influenza A virus NSI and postsynaptic density protein-95 (PSD-95), and inhibition of nitric
oxide production. Virol. J. 2011, 8, 298. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.M707195200
http://www.ncbi.nlm.nih.gov/pubmed/18165234
http://dx.doi.org/10.1074/jbc.M708862200
http://www.ncbi.nlm.nih.gov/pubmed/18029356
http://dx.doi.org/10.1073/pnas.0606109103
http://www.ncbi.nlm.nih.gov/pubmed/16963558
http://dx.doi.org/10.1128/JVI.02082-06
http://www.ncbi.nlm.nih.gov/pubmed/17229704
http://dx.doi.org/10.1128/JVI.76.4.1617-1625.2002
http://www.ncbi.nlm.nih.gov/pubmed/11799156
http://dx.doi.org/10.1099/vir.0.82419-0
http://www.ncbi.nlm.nih.gov/pubmed/17170431
http://dx.doi.org/10.1128/JVI.00921-07
http://www.ncbi.nlm.nih.gov/pubmed/17652405
http://dx.doi.org/10.1016/j.bbrc.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24220336
http://dx.doi.org/10.1016/j.bbrc.2010.03.166
http://www.ncbi.nlm.nih.gov/pubmed/20362551
http://dx.doi.org/10.1016/j.bbrc.2010.03.160
http://www.ncbi.nlm.nih.gov/pubmed/20361939
http://dx.doi.org/10.1186/1743-422X-8-181
http://www.ncbi.nlm.nih.gov/pubmed/21501532
http://dx.doi.org/10.1371/journal.pone.0048340
http://www.ncbi.nlm.nih.gov/pubmed/23139776
http://dx.doi.org/10.1073/pnas.0800482105
http://www.ncbi.nlm.nih.gov/pubmed/18334632
http://dx.doi.org/10.1126/science.1121586
http://www.ncbi.nlm.nih.gov/pubmed/16439620
http://dx.doi.org/10.1128/JVI.02427-09
http://www.ncbi.nlm.nih.gov/pubmed/20410267
http://dx.doi.org/10.1128/JVI.00610-10
http://www.ncbi.nlm.nih.gov/pubmed/20686040
http://dx.doi.org/10.1371/journal.pone.0019511
http://www.ncbi.nlm.nih.gov/pubmed/21625420
http://dx.doi.org/10.1186/1743-422X-8-298
http://www.ncbi.nlm.nih.gov/pubmed/21668967

Int. ]. Mol. Sci. 2017, 18, 1673 10 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Liu, H.; Golebiewski, L.; Dow, E.C.; Krug, R M.; Javier, R.T.; Rice, A.P. The ESEV PDZ-binding motif of the
avian influenza A virus NS1 protein protects infected cells from apoptosis by directly targeting scribble.
J. Virol. 2010, 84, 11164-11174. [CrossRef] [PubMed]

Thomas, M.; Kranjec, C.; Nagasaka, K.; Matlashewski, G.; Banks, L. Analysis of the PDZ binding specificities
of influenza A virus NS1 proteins. Virol. J. 2011, 8, 25. [CrossRef] [PubMed]

Kumar, M.; Liu, H; Rice, A.P. Regulation of interferon- by MAGI-1 and its interaction with influenza A
virus NS1 protein with ESEV PBM. PLoS ONE 2012, 7, e41251. [CrossRef] [PubMed]

Golebiewski, L.; Liu, H.; Javier, R.T.; Rice, A.P. The avian influenza virus NS1 ESEV PDZ binding motif
associates with DLG1 and SCRIBBLE to disrupt cellular tight junctions. . Virol. 2011, 85, 10639-10648.
[CrossRef] [PubMed]

Burgui, I; Aragon, T.; Ortin, J.; Nieto, A. PABP1 and EIF4GI associate with influenza virus NS1 protein in
viral mRNA translation initiation complexes. J. Gen. Virol. 2003, 84, 3263-3274. [CrossRef] [PubMed]

Lin, L,; Li, Y;; Pyo, HM.; Lu, X.Y.;; Raman, S.N.T.; Liu, Q.; Brown, E.G.; Zhou, Y. Identification of RNA
helicase a as a cellular factor that interacts with influenza A virus NS1 protein and its role in the virus life
cycle. J. Virol. 2012, 86, 1942-1954. [CrossRef] [PubMed]

Chen, G; Liu, C.H.; Zhou, L.; Krug, R M. Cellular DDX21 RNA helicase inhibits influenza A virus replication
but is counteracted by the viral NS1 protein. Cell Host Microbe 2014, 15, 484-493. [CrossRef] [PubMed]

Tsai, PL.; Chiou, N.T.; Kuss, S.; Garcia-Sastre, A.; Lynch, KW.; Fontoura, B.M. Cellular RNA binding proteins
NS1-BP and HNRNP K regulate influenza A virus RNA splicing. PLoS Pathog. 2013, 9, €1003460. [CrossRef]
[PubMed]

Garaigorta, U.; Falcon, A.M.; Ortin, J. Genetic analysis of influenza virus NS1 gene: A temperature-sensitive
mutant shows defective formation of virus particles. J. Virol. 2005, 79, 15246-15257. [CrossRef] [PubMed]
Falcon, A.M.; Fortes, P.; Marion, R.M.; Beloso, A.; Ortin, J. Interaction of influenza virus NS1 protein and
the human homologue of staufen in vivo and in vitro. Nucleic Acids Res. 1999, 27, 2241-2247. [CrossRef]
[PubMed]

O'Neill, RE,; Talon, J.; Palese, P. The influenza virus NEP (NS2 protein) mediates the nuclear export of viral
ribonucleoproteins. EMBO ]. 1998, 17, 288-296. [CrossRef] [PubMed]

Robb, N.C.; Smith, M.; Vreede, E.T.; Fodor, E. NS2/NEP protein regulates transcription and replication of the
influenza virus RNA genome. J. Gen. Virol. 2009, 90, 1398-1407. [CrossRef] [PubMed]

Paterson, D.; Fodor, E. Emerging roles for the influenza A virus nuclear export protein (NEP). PLoS Pathog.
2012, 8, €1003019. [CrossRef] [PubMed]

Shimizu, T.; Takizawa, N.; Watanabe, K.; Nagata, K.; Kobayashi, N. Crucial role of the influenza virus NS2
(NEP) C-terminal domain in M1 binding and nuclear export of vVRNP. FEBS Lett. 2011, 585, 41-46. [CrossRef]
[PubMed]

Akarsu, H.; Burmeister, W.P; Petosa, C.; Petit, I.; Muller, C.W.; Ruigrok, R.W.; Baudin, E. Crystal structure of
the M1 protein-binding domain of the influenza A virus nuclear export protein (NEP/NS2). EMBO J. 2003,
22,4646-4655. [CrossRef] [PubMed]

Boulo, S.; Akarsu, H.; Ruigrok, RW.; Baudin, F. Nuclear traffic of influenza virus proteins and
ribonucleoprotein complexes. Virus Res. 2007, 124, 12-21. [CrossRef] [PubMed]

Iwatsuki-Horimoto, K.; Horimoto, T.; Fujii, Y.; Kawaoka, Y. Generation of influenza A virus NS2 (NEP)
mutants with an altered nuclear export signal sequence. J. Virol. 2004, 78, 10149-10155. [CrossRef] [PubMed]
Lommer, B.S.; Luo, M. Structural plasticity in influenza virus protein NS2 (NEP). J. Biol. Chem. 2002, 277,
7108-7117. [CrossRef] [PubMed]

Gorai, T.; Goto, H.; Noda, T.; Watanabe, T.; Kozuka-Hata, H.; Oyama, M.; Takano, R.; Neumann, G.;
Watanabe, S.; Kawaoka, Y. FIFO-ATPase, F-type proton-translocating ATPase, at the plasma membrane is
critical for efficient influenza virus budding. Proc. Natl. Acad. Sci. USA 2012, 109, 4615-4620. [CrossRef]
[PubMed]

Yasuda, J.; Nakada, S.; Kato, A.; Toyoda, T.; Ishihama, A. Molecular assembly of influenza virus: Association
of the NS2 protein with virion matrix. Virology 1993, 196, 249-255. [CrossRef] [PubMed]

Huang, S.; Chen, J.; Chen, Q.; Wang, H.; Yao, Y.; Chen, J.; Chen, Z. A second CRM1-dependent nuclear export
signal in the influenza A virus NS2 protein contributes to the nuclear export of viral ribonucleoproteins.
J. Viirol. 2013, 87, 767-778. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/JVI.01278-10
http://www.ncbi.nlm.nih.gov/pubmed/20702615
http://dx.doi.org/10.1186/1743-422X-8-25
http://www.ncbi.nlm.nih.gov/pubmed/21247458
http://dx.doi.org/10.1371/journal.pone.0041251
http://www.ncbi.nlm.nih.gov/pubmed/22911767
http://dx.doi.org/10.1128/JVI.05070-11
http://www.ncbi.nlm.nih.gov/pubmed/21849460
http://dx.doi.org/10.1099/vir.0.19487-0
http://www.ncbi.nlm.nih.gov/pubmed/14645908
http://dx.doi.org/10.1128/JVI.06362-11
http://www.ncbi.nlm.nih.gov/pubmed/22171255
http://dx.doi.org/10.1016/j.chom.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24721576
http://dx.doi.org/10.1371/journal.ppat.1003460
http://www.ncbi.nlm.nih.gov/pubmed/23825951
http://dx.doi.org/10.1128/JVI.79.24.15246-15257.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306596
http://dx.doi.org/10.1093/nar/27.11.2241
http://www.ncbi.nlm.nih.gov/pubmed/10325410
http://dx.doi.org/10.1093/emboj/17.1.288
http://www.ncbi.nlm.nih.gov/pubmed/9427762
http://dx.doi.org/10.1099/vir.0.009639-0
http://www.ncbi.nlm.nih.gov/pubmed/19264657
http://dx.doi.org/10.1371/journal.ppat.1003019
http://www.ncbi.nlm.nih.gov/pubmed/23236273
http://dx.doi.org/10.1016/j.febslet.2010.11.017
http://www.ncbi.nlm.nih.gov/pubmed/21081124
http://dx.doi.org/10.1093/emboj/cdg449
http://www.ncbi.nlm.nih.gov/pubmed/12970177
http://dx.doi.org/10.1016/j.virusres.2006.09.013
http://www.ncbi.nlm.nih.gov/pubmed/17081640
http://dx.doi.org/10.1128/JVI.78.18.10149-10155.2004
http://www.ncbi.nlm.nih.gov/pubmed/15331747
http://dx.doi.org/10.1074/jbc.M109045200
http://www.ncbi.nlm.nih.gov/pubmed/11751904
http://dx.doi.org/10.1073/pnas.1114728109
http://www.ncbi.nlm.nih.gov/pubmed/22393008
http://dx.doi.org/10.1006/viro.1993.1473
http://www.ncbi.nlm.nih.gov/pubmed/8356796
http://dx.doi.org/10.1128/JVI.06519-11
http://www.ncbi.nlm.nih.gov/pubmed/23115280

Int. ]. Mol. Sci. 2017, 18, 1673 110f15

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Hu, Y,; Liu, X,; Zhang, A.; Zhou, H,; Liu, Z.; Chen, H; Jin, M. CHD3 facilitates vVRNP nuclear export by
interacting with nes1 of influenza A virus NS2. Cell Mol. Life Sci. 2015, 72, 971-982. [CrossRef] [PubMed]
Chen, J.; Huang, S.; Chen, Z. Human cellular protein nucleoporin hNup98 interacts with influenza A virus
NS2/nuclear export protein and overexpression of its GLFG repeat domain can inhibit virus propagation.
J. Gen. Virol. 2010, 91, 2474-2484. [CrossRef] [PubMed]

Gao, S.; Wu, J.; Liu, RY;; Li, J.; Song, L.; Teng, Y.; Sheng, C.; Liu, D.; Yao, C.; Chen, H.; et al. Interaction of NS2
with AIMP?2 facilitates the switch from ubiquitination to sumoylation of M1 in influenza A virus-infected
cells. J. Virol. 2015, 89, 300-311. [CrossRef] [PubMed]

Martin, K.; Helenius, A. Nuclear transport of influenza virus ribonucleoproteins: The viral matrix protein
(M1) promotes export and inhibits import. Cell 1991, 67, 117-130. [CrossRef]

Watanabe, K.; Handa, H.; Mizumoto, K.; Nagata, K. Mechanism for inhibition of influenza virus RNA
polymerase activity by matrix protein. J. Virol. 1996, 70, 241-247. [PubMed]

Hara, K.; Shiota, M.; Kido, H.; Watanabe, K.; Nagata, K.; Toyoda, T. Inhibition of the protease activity of
influenza virus RNA polymerase PA subunit by viral matrix protein. Microbiol. Immunol. 2003, 47, 521-526.
[CrossRef] [PubMed]

Burleigh, L.M.; Calder, L.J.; Skehel, ].]J.; Steinhauer, D.A. Influenza A viruses with mutations in the M1 helix
six domain display a wide variety of morphological phenotypes. J. Virol. 2005, 79, 1262-1270. [CrossRef]
[PubMed]

Zhang, J.; Li, G,; Liu, X.; Wang, Z.; Liu, W.; Ye, X. Influenza A virus M1 blocks the classical complement
pathway through interacting with C1qA. J. Gen. Virol. 2009, 90, 2751-2758. [CrossRef] [PubMed]
Reinhardt, J.; Wolff, T. The influenza A virus M1 protein interacts with the cellular receptor of activated C
kinase (RACK) 1 and can be phosphorylated by protein kinase C. Vet. Microbiol. 2000, 74, 87-100. [CrossRef]
Pleschka, S.; Wolff, T.; Ehrhardt, C.; Hobom, G.; Planz, O.; Rapp, U.R.; Ludwig, S. Influenza virus propagation
is impaired by inhibition of the RAF/MEK/ERK signalling cascade. Nat. Cell Biol. 2001, 3, 301-305.
[CrossRef] [PubMed]

Liu, X.; Sun, L.; Yu, M.; Wang, Z.; Xu, C.; Xue, Q.; Zhang, K.; Ye, X,; Kitamura, Y.; Liu, W. Cyclophilin A
interacts with influenza A virus M1 protein and impairs the early stage of the viral replication. Cell Microbiol.
2009, 11, 730-741. [CrossRef] [PubMed]

Garcia-Robles, I.; Akarsu, H.; Muller, C.W.; Ruigrok, R.W.; Baudin, F. Interaction of influenza virus proteins
with nucleosomes. Virology 2005, 332, 329-336. [CrossRef] [PubMed]

Watanabe, K.; Fuse, T.; Asano, I.; Tsukahara, F; Maru, Y.; Nagata, K.; Kitazato, K.; Kobayashi, N. Identification
of HSC70 as an influenza virus matrix protein (M1) binding factor involved in the virus life cycle. FEBS Lett.
2006, 580, 5785-5790. [CrossRef] [PubMed]

Avalos, R.T.; Yu, Z.; Nayak, D.P. Association of influenza virus NP and M1 proteins with cellular cytoskeletal
elements in influenza virus-infected cells. J. Virol. 1997, 71, 2947-2958. [PubMed]

Zhirnov, O.P; Ksenofontov, A.L.; Kuzmina, S.G.; Klenk, H.D. Interaction of influenza A virus M1 matrix
protein with caspases. Biochemistry 2002, 67, 534-539. [PubMed]

Pinto, L.H.; Lamb, R.A. The M2 proton channels of influenza A and B viruses. ]. Biol. Chem. 2006, 281,
8997-9000. [CrossRef] [PubMed]

Wang, C.; Takeuchi, K.; Pinto, L.H.; Lamb, R.A. Ion channel activity of influenza A virus M2 protein:
Characterization of the amantadine block. J. Virol. 1993, 67, 5585-5594. [PubMed]

Chen, B.J.; Leser, G.P; Jackson, D.; Lamb, R.A. The influenza virus M2 protein cytoplasmic tail interacts with
the M1 protein and influences virus assembly at the site of virus budding. J. Virol. 2008, 82, 10059-10070.
[CrossRef] [PubMed]

Rossman, J.S.; Jing, X.; Leser, G.P.; Lamb, R.A. Influenza virus M2 protein mediates ESCRT-independent
membrane scission. Cell 2010, 142, 902-913. [CrossRef] [PubMed]

Iwatsuki-Horimoto, K.; Horimoto, T.; Noda, T.; Kiso, M.; Maeda, J.; Watanabe, S.; Muramoto, Y.; Fujii, K.;
Kawaoka, Y. The cytoplasmic tail of the influenza A virus M2 protein plays a role in viral assembly. J. Virol.
2006, 80, 5233-5240. [CrossRef] [PubMed]

McCown, M.F; Pekosz, A. The influenza A virus M2 cytoplasmic tail is required for infectious virus
production and efficient genome packaging. J. Virol. 2005, 79, 3595-3605. [CrossRef] [PubMed]

Rossman, J.S.; Jing, X.H.; Leser, G.P.; Balannik, V.; Pinto, L.H.; Lamb, R.A. Influenza virus M2 ion channel
protein is necessary for filamentous virion formation. J. Virol. 2010, 84, 5078-5088. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00018-014-1726-9
http://www.ncbi.nlm.nih.gov/pubmed/25213355
http://dx.doi.org/10.1099/vir.0.022681-0
http://www.ncbi.nlm.nih.gov/pubmed/20554795
http://dx.doi.org/10.1128/JVI.02170-14
http://www.ncbi.nlm.nih.gov/pubmed/25320310
http://dx.doi.org/10.1016/0092-8674(91)90576-K
http://www.ncbi.nlm.nih.gov/pubmed/8523532
http://dx.doi.org/10.1111/j.1348-0421.2003.tb03413.x
http://www.ncbi.nlm.nih.gov/pubmed/12953845
http://dx.doi.org/10.1128/JVI.79.2.1262-1270.2005
http://www.ncbi.nlm.nih.gov/pubmed/15613353
http://dx.doi.org/10.1099/vir.0.014316-0
http://www.ncbi.nlm.nih.gov/pubmed/19656971
http://dx.doi.org/10.1016/S0378-1135(00)00169-3
http://dx.doi.org/10.1038/35060098
http://www.ncbi.nlm.nih.gov/pubmed/11231581
http://dx.doi.org/10.1111/j.1462-5822.2009.01286.x
http://www.ncbi.nlm.nih.gov/pubmed/19207730
http://dx.doi.org/10.1016/j.virol.2004.09.036
http://www.ncbi.nlm.nih.gov/pubmed/15661164
http://dx.doi.org/10.1016/j.febslet.2006.09.040
http://www.ncbi.nlm.nih.gov/pubmed/17022977
http://www.ncbi.nlm.nih.gov/pubmed/9060654
http://www.ncbi.nlm.nih.gov/pubmed/12059772
http://dx.doi.org/10.1074/jbc.R500020200
http://www.ncbi.nlm.nih.gov/pubmed/16407184
http://www.ncbi.nlm.nih.gov/pubmed/7688826
http://dx.doi.org/10.1128/JVI.01184-08
http://www.ncbi.nlm.nih.gov/pubmed/18701586
http://dx.doi.org/10.1016/j.cell.2010.08.029
http://www.ncbi.nlm.nih.gov/pubmed/20850012
http://dx.doi.org/10.1128/JVI.00049-06
http://www.ncbi.nlm.nih.gov/pubmed/16699003
http://dx.doi.org/10.1128/JVI.79.6.3595-3605.2005
http://www.ncbi.nlm.nih.gov/pubmed/15731254
http://dx.doi.org/10.1128/JVI.00119-10
http://www.ncbi.nlm.nih.gov/pubmed/20219914

Int. ]. Mol. Sci. 2017, 18, 1673 12 0f 15

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Watanabe, T.; Kawakami, E.; Shoemaker, J.E.; Lopes, T].S.; Matsuoka, Y.; Tomita, Y.; Kozuka-Hata, H.;
Gorai, T.; Kuwahara, T.; Takeda, E.; et al. Influenza virus-host interactome screen as a platform for antiviral
drug development. Cell Host Microbe 2014, 16, 795-805. [CrossRef] [PubMed]

Tripathi, S.; Pohl, M.O.; Zhou, Y.; Rodriguez-Frandsen, A.; Wang, G.; Stein, D.A.; Moulton, H.M.; DeJesus, P;
Che, J.; Mulder, L.C.; et al. Meta- and orthogonal integration of influenza “omics” data defines a role for
UBRA4 in virus budding. Cell Host Microbe 2015, 18, 723-735. [CrossRef] [PubMed]

Zhu, P; Liang, L.; Shao, X.; Luo, W,; Jiang, S.; Zhao, Q.; Sun, N.; Zhao, Y.; Li, ].; Wang, J.; et al. Host cellular
protein TRAPPC6Adelta interacts with influenza A virus M2 protein and regulates viral propagation by
modulating M2 trafficking. J. Virol. 2017. [CrossRef]

Zou, P; Wu, F; Lu, L.; Huang, J.H.; Chen, Y.H. The cytoplasmic domain of influenza M2 protein interacts
with caveolin-1. Arch. Biochem. Biophys. 2009, 486, 150-154. [CrossRef] [PubMed]

O'Neill, R.E.; Palese, P. NPI-1, the human homolog of SRP-1, interacts with influenza virus nucleoprotein.
Virology 1995, 206, 116-125. [CrossRef]

Gabriel, G.; Herwig, A.; Klenk, H.D. Interaction of polymerase subunit PB2 and NP with importin alphal is
a determinant of host range of influenza a virus. PLoS Pathog. 2008, 4, e11. [CrossRef] [PubMed]

Wang, P; Palese, P.; O'Neill, R.E. The NPI-1/NPI-3 (karyopherin alpha) binding site on the influenza A virus
nucleoprotein NP is a nonconventional nuclear localization signal. J. Virol. 1997, 71, 1850-1856. [PubMed]
Melen, K.; Fagerlund, R.; Franke, ].; Kohler, M.; Kinnunen, L.; Julkunen, I. Importin alpha nuclear localization
signal binding sites for STAT1, STAT2, and influenza A virus nucleoprotein. J. Biol. Chem. 2003, 278,
28193-28200. [CrossRef] [PubMed]

Chutiwitoonchai, N.; Aida, Y. NXT1, a novel influenza a NP binding protein, promotes the nuclear export of
NP via a CRM1-dependent pathway. Viruses 2016, 8, 209. [CrossRef] [PubMed]

Elton, D.; Simpson-Holley, M.; Archer, K.; Medcalf, L.; Hallam, R.; McCauley, J.; Digard, P. Interaction of the
influenza virus nucleoprotein with the cellular CRM1-mediated nuclear export pathway. J. Virol. 2001, 75,
408-419. [CrossRef] [PubMed]

Momose, F.; Basler, C.E; 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, 1899-1908. [CrossRef] [PubMed]

Moisy, D.; Avilov, S.V.; Jacob, Y.; Laoide, B.M.; Ge, X.; Baudin, F; Naffakh, N.; Jestin, ].L. HMGBI1 protein
binds to influenza virus nucleoprotein and promotes viral replication. J. Virol. 2012, 86, 9122-9133. [CrossRef]
[PubMed]

Sharma, K.; Tripathi, S.; Ranjan, P.; Kumar, P.; Garten, R.; Deyde, V.; Katz, ] M.; Cox, N.J.; Lal, RB,;
Sambhara, S.; et al. Influenza A virus nucleoprotein exploits HSP40 to inhibit PKR activation. PLoS ONE
2011, 6, €20215. [CrossRef] [PubMed]

Lin, Y.C,; Jeng, K.S.; Lai, M.M.C. CNOT4-mediated ubiquitination of influenza A virus nucleoprotein
promotes viral RNA replication. mBio. 2017. [CrossRef] [PubMed]

Turan, K.; Mibayashi, M.; Sugiyama, K.; Saito, S.; Numajiri, A.; Nagata, K. Nuclear MxA proteins form a
complex with influenza virus NP and inhibit the transcription of the engineered influenza virus genome.
Nucleic Acids Res. 2004, 32, 643-652. [CrossRef] [PubMed]

Kakugawa, S.; Shimojima, M.; Neumann, G.; Goto, H.; Kawaoka, Y. RUVB-like protein 2 is a suppressor of
influenza A virus polymerases. J. Virol. 2009, 83, 6429-6434. [CrossRef] [PubMed]

Thulasi Raman, S.N.; Liu, G.; Pyo, HM,; Cui, Y.C.; Xu, F; Ayalew, L.E.; Tikoo, S.K.; Zhou, Y. Ddx3 interacts
with influenza A virus NS1 and NP proteins and exerts antiviral function through regulation of stress
granule formation. J. Virol. 2016, 90, 3661-3675. [CrossRef] [PubMed]

Qu, H; Li, J,; Yang, L.; Sun, L.; Liu, W.; He, H. Influenza A virus-induced expression of ISG20 inhibits viral
replication by interacting with nucleoprotein. Virus Genes 2016, 52, 759-767. [CrossRef] [PubMed]

Di Pietro, A.; Kajaste-Rudnitski, A.; Oteiza, A.; Nicora, L.; Towers, G.J.; Mechti, N.; Vicenzi, E. TRIM22
inhibits influenza A virus infection by targeting the viral nucleoprotein for degradation. J. Virol. 2013, 87,
4523-4533. [CrossRef] [PubMed]

Chen, W.; Calvo, P.A.; Malide, D.; Gibbs, J.; Schubert, U.; Bacik, I.; Basta, S.; O'Neill, R.; Schickli, J.;
Palese, P; et al. A novel influenza A virus mitochondrial protein that induces cell death. Nat. Med.
2001, 7, 1306-1312. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.chom.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25464832
http://dx.doi.org/10.1016/j.chom.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26651948
http://dx.doi.org/10.1128/JVI.01757\T1\textendash 16
http://dx.doi.org/10.1016/j.abb.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19514132
http://dx.doi.org/10.1016/S0042-6822(95)80026-3
http://dx.doi.org/10.1371/journal.ppat.0040011
http://www.ncbi.nlm.nih.gov/pubmed/18248089
http://www.ncbi.nlm.nih.gov/pubmed/9032315
http://dx.doi.org/10.1074/jbc.M303571200
http://www.ncbi.nlm.nih.gov/pubmed/12740372
http://dx.doi.org/10.3390/v8080209
http://www.ncbi.nlm.nih.gov/pubmed/27483302
http://dx.doi.org/10.1128/JVI.75.1.408-419.2001
http://www.ncbi.nlm.nih.gov/pubmed/11119609
http://dx.doi.org/10.1128/JVI.75.4.1899-1908.2001
http://www.ncbi.nlm.nih.gov/pubmed/11160689
http://dx.doi.org/10.1128/JVI.00789-12
http://www.ncbi.nlm.nih.gov/pubmed/22696656
http://dx.doi.org/10.1371/journal.pone.0020215
http://www.ncbi.nlm.nih.gov/pubmed/21698289
http://dx.doi.org/10.1128/mBio.00597-17
http://www.ncbi.nlm.nih.gov/pubmed/28536288
http://dx.doi.org/10.1093/nar/gkh192
http://www.ncbi.nlm.nih.gov/pubmed/14752052
http://dx.doi.org/10.1128/JVI.00293-09
http://www.ncbi.nlm.nih.gov/pubmed/19369355
http://dx.doi.org/10.1128/JVI.03010-15
http://www.ncbi.nlm.nih.gov/pubmed/26792746
http://dx.doi.org/10.1007/s11262-016-1366-2
http://www.ncbi.nlm.nih.gov/pubmed/27342813
http://dx.doi.org/10.1128/JVI.02548-12
http://www.ncbi.nlm.nih.gov/pubmed/23408607
http://dx.doi.org/10.1038/nm1201-1306
http://www.ncbi.nlm.nih.gov/pubmed/11726970

Int. ]. Mol. Sci. 2017, 18, 1673 13 0f 15

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Zamarin, D.; Garcia-Sastre, A.; Xiao, X.; Wang, R.; Palese, P. Influenza virus PB1-F2 protein induces cell death
through mitochondrial ant3 and vdacl. PLoS Pathog. 2005, 1, e4. [CrossRef] [PubMed]

Conenello, G.M.; Zamarin, D.; Perrone, L.A.; Tumpey, T.; Palese, P. A single mutation in the PB1-F2 of H5N1
(HK/97) and 1918 influenza a viruses contributes to increased virulence. PLoS Pathog. 2007, 3, 1414-1421.
[CrossRef] [PubMed]

Jaworska, J.; Coulombe, E; Downey, J.; Tzelepis, E,; Shalaby, K.; Tattoli, L.; Berube, ].; Rousseau, S.; Martin, ].G.;
Girardin, S.E.; et al. NLRX1 prevents mitochondrial induced apoptosis and enhances macrophage antiviral
immunity by interacting with influenza virus PB1-F2 protein. Proc. Natl. Acad. Sci. USA 2014, 111,
E2110-E2119. [CrossRef] [PubMed]

Varga, Z.T.; Ramos, I.; Hai, R.; Schmolke, M.; Garcia-Sastre, A.; Fernandez-Sesma, A.; Palese, P. The influenza
virus protein PB1-F2 inhibits the induction of type I interferon at the level of the MAVS adaptor protein.
PLoS Pathog. 2011, 7, €1002067. [CrossRef] [PubMed]

Varga, Z.T.; Grant, A.; Manicassamy, B.; Palese, P. Influenza virus protein PB1-F2 inhibits the induction of
type I interferon by binding to MAVS and decreasing mitochondrial membrane potential. J. Virol. 2012, 86,
8359-8366. [CrossRef] [PubMed]

Reis, A.L.; McCauley, J.W. The influenza virus protein PB1-F2 interacts with ikkf3 and modulates NF-kappa
B signalling. PLoS One 2013, 8, €63852. [CrossRef] [PubMed]

Pflug, A.; Guilligay, D.; Reich, S.; Cusack, S. Structure of influenza A polymerase bound to the viral RNA
promoter. Nature 2014, 516, 355-360. [CrossRef] [PubMed]

Reich, S.; Guilligay, D.; Pflug, A.; Malet, H.; Berger, I.; Crepin, T.; Hart, D.; Lunardi, T.; Nanao, M.;
Ruigrok, R.W.; et al. Structural insight into cap-snatching and RNA synthesis by influenza polymerase.
Nature 2014, 516, 361-366. [CrossRef] [PubMed]

Shimizu, K.; Handa, H.; Nakada, S.; Nagata, K. Regulation of influenza virus RNA polymerase activity by
cellular and viral factors. Nucleic Acids Res. 1994, 22, 5047-5053. [CrossRef] [PubMed]

Naito, T.; Momose, F.; Kawaguchi, A.; Nagata, K. Involvement of HSP90 in assembly and nuclear import of
influenza virus RNA polymerase subunits. J. Virol. 2007, 81, 1339-1349. [CrossRef] [PubMed]

Momose, E; Naito, T.; Yano, K.; Sugimoto, S.; Morikawa, Y.; Nagata, K. Identification of HSP90 as a
stimulatory host factor involved in influenza virus RNA synthesis. J. Biol. Chem. 2002, 277, 45306—45314.
[CrossRef] [PubMed]

Sugiyama, K.; Kawaguchi, A.; Okuwaki, M.; Nagata, K. PP32 and APRIL are host cell-derived regulators of
influenza virus RNA synthesis from cRNA. Elife 2015, 4, e08939. [CrossRef] [PubMed]

Long, ].S.; Giotis, E.S.; Moncorge, O.; Frise, R.; Mistry, B.; James, J.; Morisson, M.; Igbal, M.; Vignal, A.;
Skinner, M.A.; et al. Species difference in ANP32A underlies influenza A virus polymerase host restriction.
Nature 2016, 529, 101-104. [CrossRef] [PubMed]

Subbarao, E.K.; London, W.; Murphy, B.R. A single amino acid in the PB2 gene of influenza A virus is a
determinant of host range. J. Virol. 1993, 67, 1761-1764. [PubMed]

Zhang, J.; Li, G.; Ye, X. Cyclin T1/CDK9 interacts with influenza A virus polymerase and facilitates its
association with cellular RNA polymerase II. J. Virol. 2010, 84, 12619-12627. [CrossRef] [PubMed]

York, A.; Hutchinson, E.C.; Fodor, E. Interactome analysis of the influenza A virus transcription/replication
machinery identifies protein phosphatase 6 as a cellular factor required for efficient virus replication. J. Virol.
2014, 88, 13284-13299. [CrossRef] [PubMed]

Rodriguez, A.; Perez-Gonzalez, A.; Nieto, A. Cellular human CLE/C140RF166 protein interacts with
influenza virus polymerase and is required for viral replication. J. Virol. 2011, 85, 12062-12066. [CrossRef]
[PubMed]

Perez-Gonzalez, A.; Rodriguez, A.; Huarte, M.; Salanueva, L].; Nieto, A. HCLE/CGI-99, a human protein
that interacts with the influenza virus polymerase, is a mRNA transcription modulator. J. Mol. Biol. 2006,
362, 887-900. [CrossRef] [PubMed]

Cao, M.; Wei, C.; Zhao, L.; Wang, ].; Jia, Q.; Wang, X,; Jin, Q.; Deng, T. DNAJA1/HSP40 is co-opted by
influenza A virus to enhance its viral RNA polymerase activity. J. Virol 2014, 88, 14078-14089. [CrossRef]
[PubMed]

Manzoor, R.; Kuroda, K.; Yoshida, R; Tsuda, Y.; Fujikura, D.; Miyamoto, H.; Kajihara, M.; Kida, H.; Takada, A.
Heat shock protein 70 modulates influenza A virus polymerase activity. J. Biol. Chem. 2014, 289, 7599-7614.
[CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.ppat.0010004
http://www.ncbi.nlm.nih.gov/pubmed/16201016
http://dx.doi.org/10.1371/journal.ppat.0030141
http://www.ncbi.nlm.nih.gov/pubmed/17922571
http://dx.doi.org/10.1073/pnas.1322118111
http://www.ncbi.nlm.nih.gov/pubmed/24799673
http://dx.doi.org/10.1371/journal.ppat.1002067
http://www.ncbi.nlm.nih.gov/pubmed/21695240
http://dx.doi.org/10.1128/JVI.01122-12
http://www.ncbi.nlm.nih.gov/pubmed/22674996
http://dx.doi.org/10.1371/journal.pone.0063852
http://www.ncbi.nlm.nih.gov/pubmed/23704945
http://dx.doi.org/10.1038/nature14008
http://www.ncbi.nlm.nih.gov/pubmed/25409142
http://dx.doi.org/10.1038/nature14009
http://www.ncbi.nlm.nih.gov/pubmed/25409151
http://dx.doi.org/10.1093/nar/22.23.5047
http://www.ncbi.nlm.nih.gov/pubmed/7800498
http://dx.doi.org/10.1128/JVI.01917-06
http://www.ncbi.nlm.nih.gov/pubmed/17121807
http://dx.doi.org/10.1074/jbc.M206822200
http://www.ncbi.nlm.nih.gov/pubmed/12226087
http://dx.doi.org/10.7554/eLife.08939
http://www.ncbi.nlm.nih.gov/pubmed/26512887
http://dx.doi.org/10.1038/nature16474
http://www.ncbi.nlm.nih.gov/pubmed/26738596
http://www.ncbi.nlm.nih.gov/pubmed/8445709
http://dx.doi.org/10.1128/JVI.01696-10
http://www.ncbi.nlm.nih.gov/pubmed/20943989
http://dx.doi.org/10.1128/JVI.01813-14
http://www.ncbi.nlm.nih.gov/pubmed/25187537
http://dx.doi.org/10.1128/JVI.00684-11
http://www.ncbi.nlm.nih.gov/pubmed/21900157
http://dx.doi.org/10.1016/j.jmb.2006.07.085
http://www.ncbi.nlm.nih.gov/pubmed/16950395
http://dx.doi.org/10.1128/JVI.02475-14
http://www.ncbi.nlm.nih.gov/pubmed/25253355
http://dx.doi.org/10.1074/jbc.M113.507798
http://www.ncbi.nlm.nih.gov/pubmed/24474693

Int. ]. Mol. Sci. 2017, 18, 1673 14 0f 15

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Hatakeyama, D.; Shoji, M.; Yamayoshi, S.; Hirota, T.; Nagae, M.; Yanagisawa, S.; Nakano, M.; Ohmi, N.;
Noda, T.; Kawaoka, Y.; et al. A novel functional site in the PB2 subunit of influenza A virus essential for
acetyl-CoA interaction, RNA polymerase activity, and viral replication. J. Biol. Chem. 2014, 289, 24980-24994.
[CrossRef] [PubMed]

Fournier, G.; Chiang, C.; Munier, S.; Tomoiu, A.; Demeret, C.; Vidalain, P.O.; Jacob, Y.; Naffakh, N.
Recruitment of red-SMU1 complex by influenza A virus RNA polymerase to control viral mRNA splicing.
PLoS Pathog. 2014, 10, €1004164. [CrossRef] [PubMed]

Rialdi, A.; Hultquist, ].; Jimenez-Morales, D.; Peralta, Z.; Campisi, L.; Fenouil, R.; Moshkina, N.; Wang, Z.Z;
Laffleur, B.; Kaake, RM.; et al. The RNA exosome syncs IAV-RNAPII transcription to promote viral
ribogenesis and infectivity. Cell 2017, 169, 679-692. [CrossRef] [PubMed]

Molleston, J.M.; Cherry, S. Attacked from all sides: RNA decay in antiviral defense. Viruses 2017, 9, 2.
[CrossRef] [PubMed]

Boivin, S.; Hart, D.J. Interaction of the influenza A virus polymerase PB2 C-terminal region with importin
alpha isoforms provides insights into host adaptation and polymerase assembly. |. Biol. Chem. 2011, 286,
10439-10448. [CrossRef] [PubMed]

Hudjetz, B.; Gabriel, G. Human-like PB2 627k influenza virus polymerase activity is regulated by
importin-alphal and -alpha?. PLoS Pathog. 2012, 8, €1002488. [CrossRef] [PubMed]

Pumroy, R.A.; Ke, S.; Hart, D.J.; Zachariae, U.; Cingolani, G. Molecular determinants for nuclear import of
influenza A PB2 by importin alpha isoforms 3 and 7. Structure 2015, 23, 374-384. [CrossRef] [PubMed]
Hsu, W.B,; Shih, J.L,; Shih, J.R.; Du, J.L,; Teng, S.C.; Huang, L.M.; Wang, W.B. Cellular protein HAX1 interacts
with the influenza A virus PA polymerase subunit and impedes its nuclear translocation. J. Virol. 2013, 87,
110-123. [CrossRef] [PubMed]

Fu, B.; Wang, L.; Ding, H.; Schwamborn, J.C.; Li, S.; Dorf, M.E. TRIM32 senses and restricts influenza A virus
by ubiquitination of PB1 polymerase. PLoS Pathog. 2015, 11, e1004960. [CrossRef] [PubMed]

Graef, K.M.; Vreede, E.T.; Lau, Y.E; McCall, A.W.; Carr, S.M.; Subbarao, K.; Fodor, E. The PB2 subunit of the
influenza virus RNA polymerase affects virulence by interacting with the mitochondrial antiviral signaling
protein and inhibiting expression of 3 interferon. J. Virol. 2010, 84, 8433-8445. [CrossRef] [PubMed]

Iwai, A.; Shiozaki, T.; Kawai, T.; Akira, S.; Kawaoka, Y.; Takada, A.; Kida, H.; Miyazaki, T. Influenza A
virus polymerase inhibits type I interferon induction by binding to interferon § promoter stimulator 1.
J. Biol. Chem. 2010, 285, 32064-32074. [CrossRef] [PubMed]

Heaton, N.S.; Moshkina, N.; Fenouil, R.; Gardner, T.J.; Aguirre, S.; Shah, P.S.; Zhao, N.; Manganaro, L.;
Hultquist, J.E; Noel, J.; et al. Targeting viral proteostasis limits influenza virus, HIV, and dengue virus
infection. Immunity 2016, 44, 46-58. [CrossRef] [PubMed]

Pichlmair, A.; Kandasamy, K.; Alvisi, G.; Mulhern, O.; Sacco, R.; Habjan, M.; Binder, M.; Stefanovic, A.;
Eberle, C.A.; Goncalves, A; et al. Viral immune modulators perturb the human molecular network by
common and unique strategies. Nature 2012, 487, 486-490. [CrossRef] [PubMed]

Shapira, S.D.; Gat-Viks, I.; Shum, B.O.; Dricot, A.; de Grace, M.M.; Wu, L.; Gupta, P.B.; Hao, T.; Silver, S.J.;
Root, D.E,; et al. A physical and regulatory map of host-influenza interactions reveals pathways in HIN1
infection. Cell 2009, 139, 1255-1267. [CrossRef] [PubMed]

De Chassey, B.; Aublin-Gex, A.; Ruggieri, A.; Meyniel-Schicklin, L.; Pradezynski, F.; Davoust, N.; Chantier, T.;
Tafforeau, L.; Mangeot, PE.; Ciancia, C.; et al. The interactomes of influenza virus NS1 and NS2 proteins
identify new host factors and provide insights for adarl playing a supportive role in virus replication.
PLoS Pathog. 2013, 9, €1003440. [CrossRef] [PubMed]

Sowa, M.E,; Bennett, E.J.; Gygi, S.P.; Harper, ].W. Defining the human deubiquitinating enzyme interaction
landscape. Cell 2009, 138, 389-403. [CrossRef] [PubMed]

Jager, S.; Cimermancic, P.; Gulbahce, N.; Johnson, J.R.; McGovern, K.E.; Clarke, S.C.; Shales, M.; Mercenne, G.;
Pache, L.; Li, K,; et al. Global landscape of HIV-human protein complexes. Nature 2012, 481, 365-370.
[CrossRef] [PubMed]

Choi, H.; Larsen, B.; Lin, Z.Y.; Breitkreutz, A.; Mellacheruvu, D.; Fermin, D.; Qin, Z.S.; Tyers, M.;
Gingras, A.C.; Nesvizhskii, A.I. Saint: Probabilistic scoring of affinity purification-mass spectrometry
data. Nat. Methods 2011, 8, 70-73. [CrossRef] [PubMed]

Bouvier, N.M.; Palese, P. The biology of influenza viruses. Vaccine 2008, 26, D49-D53. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.M114.559708
http://www.ncbi.nlm.nih.gov/pubmed/25063805
http://dx.doi.org/10.1371/journal.ppat.1004164
http://www.ncbi.nlm.nih.gov/pubmed/24945353
http://dx.doi.org/10.1016/j.cell.2017.04.021
http://www.ncbi.nlm.nih.gov/pubmed/28475896
http://dx.doi.org/10.3390/v9010002
http://www.ncbi.nlm.nih.gov/pubmed/28054965
http://dx.doi.org/10.1074/jbc.M110.182964
http://www.ncbi.nlm.nih.gov/pubmed/21216958
http://dx.doi.org/10.1371/journal.ppat.1002488
http://www.ncbi.nlm.nih.gov/pubmed/22275867
http://dx.doi.org/10.1016/j.str.2014.11.015
http://www.ncbi.nlm.nih.gov/pubmed/25599645
http://dx.doi.org/10.1128/JVI.00939-12
http://www.ncbi.nlm.nih.gov/pubmed/23055567
http://dx.doi.org/10.1371/journal.ppat.1004960
http://www.ncbi.nlm.nih.gov/pubmed/26057645
http://dx.doi.org/10.1128/JVI.00879-10
http://www.ncbi.nlm.nih.gov/pubmed/20538852
http://dx.doi.org/10.1074/jbc.M110.112458
http://www.ncbi.nlm.nih.gov/pubmed/20699220
http://dx.doi.org/10.1016/j.immuni.2015.12.017
http://www.ncbi.nlm.nih.gov/pubmed/26789921
http://dx.doi.org/10.1038/nature11289
http://www.ncbi.nlm.nih.gov/pubmed/22810585
http://dx.doi.org/10.1016/j.cell.2009.12.018
http://www.ncbi.nlm.nih.gov/pubmed/20064372
http://dx.doi.org/10.1371/journal.ppat.1003440
http://www.ncbi.nlm.nih.gov/pubmed/23853584
http://dx.doi.org/10.1016/j.cell.2009.04.042
http://www.ncbi.nlm.nih.gov/pubmed/19615732
http://dx.doi.org/10.1038/nature10719
http://www.ncbi.nlm.nih.gov/pubmed/22190034
http://dx.doi.org/10.1038/nmeth.1541
http://www.ncbi.nlm.nih.gov/pubmed/21131968
http://dx.doi.org/10.1016/j.vaccine.2008.07.039
http://www.ncbi.nlm.nih.gov/pubmed/19230160

Int. ]. Mol. Sci. 2017, 18, 1673 150f 15

149. Jardetzky, T.S.; Lamb, R.A. Activation of paramyxovirus membrane fusion and virus entry. Curr. Opin. Virol.
2014, 5, 24-33. [CrossRef] [PubMed]

150. Hale, B.G.; Steel, J.; Medina, R.A.; Manicassamy, B.; Ye, J.; Hickman, D.; Hai, R.; Schmolke, M.; Lowen, A.C.;
Perez, D.R,; et al. Inefficient control of host gene expression by the 2009 pandemic HIN1 influenza A virus
NS1 protein. J. Virol. 2010, 84, 6909-6922. [CrossRef] [PubMed]

151. Kalter, S.S.; Tepperman, J. Influenza virus proliferation in hypoxic mice. Science 1952, 115, 621-622. [CrossRef]
[PubMed]

152. Kalter, S.S.; Prier, ].E.; Zaman, H. Virus proliferation in hypoxic mice and chick embryos. |. Exp. Med. 1955,
102, 475-488. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).



http://dx.doi.org/10.1016/j.coviro.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24530984
http://dx.doi.org/10.1128/JVI.00081-10
http://www.ncbi.nlm.nih.gov/pubmed/20444891
http://dx.doi.org/10.1126/science.115.2997.621
http://www.ncbi.nlm.nih.gov/pubmed/17841617
http://dx.doi.org/10.1084/jem.102.4.475
http://www.ncbi.nlm.nih.gov/pubmed/13263487
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Non-Structural Protein 1 (NS1) 
	Non-Structural Protein 2 (NS2) 
	M1 
	M2 
	Nucleoprotein (NP) 
	PB1 Frame 2 (PB1-F2) 
	Polymerase Complex 
	Systematic Map of IAV–Host Protein Interactome 
	Perspectives 

