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Influenza A virus NS1 protein activates the phosphatidylinositol 3-kinase (PI3K)/Akt pathway
by direct interaction with the p85 subunit of PI3K
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Influenza A virus infection activates the phosphatidylinositol 3-kinase (PI3K)/Akt pathway,
but the mechanism is not clear. Here, it is reported that influenza A virus NS1 protein is
responsible for PI3K/Akt pathway activation. It was demonstrated that the NS1 protein
interacts with the p85 regulatory subunit of PI3K via direct binding to the SH3 and C-
terminal SH2 domains of p85. Consensus binding motifs for SH3 and SH2 domains were
found in influenza A virus NS1, namely an SH2-binding motif (YXXXM) at aa 89, SH3-binding
motif 1 (PXXP) around aa 164 and SH3-binding motif 2 around aa 212. Mutant virus encoding
NS1 protein with mutations in the SH-binding motifs failed to interact with SH domains of
p85 and did not activate the PI3K/Akt pathway. The mutant virus is attenuated in Madin—
Darby canine kidney cells. Our study has established a novel function of NS1: by interacting
with p85 via the SH-binding motifs, NS1 can activate the PI3K/Akt pathway.

RNA segment 8 of Influenza A virus encodes two proteins, NS1 and NS2/NEP (Lamb,
1989). NS1 is a multifunctional protein that is translated from unspliced mRNA (Lamb & Choppin,
1979). Two functional domains have been identified in the NS1 protein: an RNA-binding domain
near the N terminus and an effector domain in the C terminus (Qian et al., 1994). The RNA-binding
activity of the NS1 protein correlates to its ability to inhibit cellular pre-mRNA splicing (Lu et al.,
1994; Qiu et al., 1995). It is also linked to the ability to counteract cellular alpha/beta interferon
functions efficiently (Garcia-Sastre et al., 1998) by inhibiting the activation of the protein kinase
PKR (Lu et al., 1995; Hatada et al., 1999) and transcription factors NF-xB, IRF-3 and IRF-7 (Talon
et al., 2000; Wang et al., 2000). Within the effector domain, two binding sites of cellular proteins
were identified. The binding site for CPSF is positioned around aa 186 and the PABII-binding site is
located between aa 223 and 237 (Li et al., 2001). These binding sites are required for the inhibition
of 3"-end processing of cellular pre-mRNAs; thus, they are important for influenza virus replication
(Noah et al., 2003).

Phosphatidylinositol 3-kinases (PI13Ks) are a family of cellular, heterodimeric enzymes that
consist of a regulatory subunit (p85) and a catalytic subunit (p110). PI3K is activated by binding of
the SH domain in the p85 subunit to autophosphorylated tyrosine kinase receptors, or to non-
receptor tyrosine kinases or some viral proteins in the cytoplasm (Carpenter et al., 1993; Street et
al., 2004). After activation, the p110 subunit of PI3K phosphorylates the lipid substrate
phosphatidylinositol-4,5-bisphosphate to produce phosphatidylinositol-3,4,5-trisphosphate (Toker &
Cantley, 1997). This molecule serves as a lipid second messenger and is able to regulate
phosphorylation of a number of kinases, including Akt. Akt is activated via phosphorylation at
Thr308 and Serd473 (Alessi et al., 1996). Phosphorylated Akt plays a central role in modulating
diverse downstream signalling pathways associated with cell survival, proliferation, migration,
differentiation and apoptosis (Datta et al., 1999).
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Fig. 1. NS1 protein interacts with the p85 subunit of PI3K. (a) The p85 regulatory subunit of PI3K
consists of tandem SH2 domains (SH2N, SH2C), one SH3 domain, a binding domain for PI3K
catalytic subunit p110 and other protein-interaction domains, e.g. BCR (breakpoint cluster region
homology domain). (b) Co-immunoprecipitation analysis. Cell lysates prepared at 6 h p.i. were
incubated with either normal rabbit serum—protein A or p85 antiserum—protein A complexes.
Precipitated proteins were subjected to Western blotting with NS1 or p85 antibody. (c) GST pull-
down assay with wt virus-infected cell lysates. GST alone or fusions of GST to p85 SH3, p85 SH2C
or p85 SH2N domain were immobilized to GA beads and incubated with mock- or wt PR8-infected
A549 cell lysates prepared at 6 h p.i. Precipitated proteins were subjected to either Western
blotting with NS1 antibody or SDS-PAGE followed by Coomassie blue staining.
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Fig. 2. NS1 protein alone induces PI3K/Akt activation. (a) 293T cells were transfected with either
pcDNA-NS1 or vector and analysed 48 h later by GST pull-down assay as described in the legend
to Fig. 1(c). (b) A549 cells were electroporated with pcDNA-NS1 or vector. Seventy-two hours later,
cell lysates were subjected to Western blotting with phospho-Akt, Akt or NS1 antibody.
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Fig. 3. SH-binding motifs in NS1 contribute to PI3K/Akt activation. (a) Schematic diagram showing
the locations of one SH2- and two SH3-binding motifs on wt NS1 and the changes in amino acid
sequence on NS1 encoded by PR8-SH2/SH3mt. (b) PR8-SH2/SH3mt fails to induce
phosphorylation of Akt. A549 cells were mock-, wt PR8- or PR8-SH2/SH3mt-infected at an m.o.i. of
1. Cell lysates prepared at 6 h p.i. were subjected to Western blotting with phospho-Akt, Akt or NS1
antibody. (c) Higher doses of PR8-SH2/SH3mt do not induce Akt phosphorylation. A549 cells were
infected with different m.o.i.s of PR8-SH2/SH3mt. Cell lysates prepared at 6 h p.i. were subjected
to Western blotting with phospho-Akt, Akt, NS1 or NP antibody. (d) PR8-SH2/SH3mt-infected A549
cell lysates were prepared at 6 h p.i. and subjected to GST pull-down assay as described in the
legend to Fig. 1(c). (e) PR8-SH2/SH3mt is attenuated by monitoring plaque size and growth curve
of the wt PR8 (m) and PR8-SH2/SH3mt (A ) in MDCK cells.
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