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ABSTRACT

The negative-sense RNA genome of influenza A virus is transcribed and replicated by the viral RNA-dependent RNA polymerase
(RdRP). The viral RdRP is an important host range determinant, indicating that its function is affected by interactions with cel-
lular factors. However, the identities and the roles of most of these factors remain unknown. Here, we employed affinity purifica-
tion followed by mass spectrometry to identify cellular proteins that interact with the influenza A virus RdRP in infected human
cells. We purified RdRPs using a recombinant influenza virus in which the PB2 subunit of the RdRP is fused to a Strep-tag. When
this tagged subunit was purified from infected cells, copurifying proteins included the other RdRP subunits (PB1 and PA) and
the viral nucleoprotein and neuraminidase, as well as 171 cellular proteins. Label-free quantitative mass spectrometry revealed
that the most abundant of these host proteins were chaperones, cytoskeletal proteins, importins, proteins involved in ubiquiti-
nation, kinases and phosphatases, and mitochondrial and ribosomal proteins. Among the phosphatases, we identified three sub-
units of the cellular serine/threonine protein phosphatase 6 (PP6), including the catalytic subunit PPP6C and regulatory sub-
units PPP6R1 and PPP6R3. PP6 was found to interact directly with the PB1 and PB2 subunits of the viral RdRP, and small
interfering RNA (siRNA)-mediated knockdown of the catalytic subunit of PP6 in infected cells resulted in the reduction of viral
RNA accumulation and the attenuation of virus growth. These results suggest that PP6 interacts with and positively regulates the
activity of the influenza virus RdRP.

IMPORTANCE

Influenza A viruses are serious clinical and veterinary pathogens, causing substantial health and economic impacts. In addition
to annual seasonal epidemics, occasional global pandemics occur when viral strains adapt to humans from other species. To rep-
licate efficiently and cause disease, influenza viruses must interact with a large number of host factors. The reliance of the viral
RNA-dependent RNA polymerase (RdRP) on host factors makes it a major host range determinant. This study describes and
quantifies host proteins that interact, directly or indirectly, with a subunit of the RdRP. It increases our understanding of the
role of host proteins in viral replication and identifies a large number of potential barriers to pandemic emergence. Identifying
host factors allows their importance for viral replication to be tested. Here, we demonstrate a role for the cellular phosphatase
PP6 in promoting viral replication, contributing to our emerging knowledge of regulatory phosphorylation in influenza virus
biology.

Viruses are obligate intracellular parasites that have been com-
pelled by evolutionary processes to encode a minimal number

of proteins for the completion of an infectious life cycle, in order
to infect naive hosts and to persist in nature. This is exemplified by
RNA viruses, the genomes of which are generally smaller than the
genomes of DNA viruses, and therefore they greatly rely on the
exploitation and subversion of host cellular proteins, structures,
and pathways to facilitate virus replication (1). Transcription and
replication of the influenza A virus genome are performed by the
virally encoded RNA-dependent RNA polymerase (RdRP), a ma-
jor determinant of species tropism and pathogenicity and a key
player in the adaptation of avian influenza A viruses to mamma-
lian hosts. These characteristics of the viral RdRP are thought to be
governed by numerous interactions with cellular factors (re-
viewed in references 2 and 3). It is therefore of great importance to
understand the relationship between the viral transcription/repli-
cation machinery and host cellular factors in order to understand
how the host cell can influence the function of the viral transcrip-
tion/replication machinery and vice versa. Insight into the molec-
ular biology of these relationships could lead to novel antiviral

strategies and has the potential to identify host-specific interac-
tions that would act as a barrier to pandemic emergence.

The genome of influenza A virus, like that of other members of
the Orthomyxoviridae, is segmented and consists of eight individ-
ual viral ribonucleoprotein (vRNP) complexes. Each vRNP con-
tains single-stranded viral RNA (vRNA) that is encapsidated by
viral nucleoprotein (NP) and bound at the 5= and 3= ends by the
viral RdRP, a 250-kDa heterotrimer containing polymerase acidic
(PA), polymerase basic 1 (PB1), and polymerase basic 2 (PB2)
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subunits. The PB1 subunit contains the polymerase active site,
while PB2 and PA are responsible for cap snatching (4–7). The
viral RdRP transcribes and replicates the vRNA genome in the
host cell nucleus, where it can be found within RNP complexes
and in a free form (reviewed in references 8 and 9). Numerous
cellular factors have been identified as interaction partners of
components of vRNP complexes, and some of these have been
shown to play a role in transcription and replication of the viral
genome (reviewed in reference 10).

We set out to identify the interactome of the influenza A virus
transcription/replication machinery in the context of an infected
cell with the aim of discovering cellular proteins that are involved
in the influenza A virus life cycle. We employed an affinity purifi-
cation mass spectrometry (AP-MS) strategy in which the viral
RdRP is isolated from infected cells and then copurifying host
factors are identified by liquid chromatography/tandem mass
spectrometry (LC/MS-MS), exploiting recent advances in mass
spectrometer instrument sensitivity and label-free quantitation.
Using this approach, we identified 171 cellular interactors of the
viral transcription/replication machinery. This method comple-
ments previous studies that have aimed to identify critical cellular
factors that are involved in the virus life cycle, including a number
of genome-wide screens (11–15). Although informative, these ge-
nome-wide screens have failed to identify the specific stages of the
virus life cycle at which particular cellular factors are critical. Fur-
thermore, these methods do not distinguish between those factors
that are required for virus replication due to direct interaction
with a viral component and those factors that can contribute to
virus replication indirectly. Additional techniques have been em-
ployed with the aim of identifying host factors that interact with
the viral transcription/replication machinery, including yeast
two-hybrid screens (15, 16), complementation assays (17), and
AP-MS (18–21). However, these studies have been limited either
by the number of cellular factors that can be cloned and screened
or because the identifications were not carried out in the context
of the infected cell.

In our interactome study, we identified three individual sub-
units of cellular serine/threonine protein phosphatase 6 (PP6).
PP6 is a member of the PP2A subfamily of protein phosphatases,
cellular enzymes that catalyze the liberation of inorganic phos-
phate from proteins and peptides at serine or threonine residues
(22). PP6 is a significant regulator of a number of cellular pro-
cesses, including chromosome stability and the DNA damage re-
sponse (23–27), mitosis and the regulation of cell cycle progres-
sion (22, 28–31), signaling (32, 33), pre-mRNA splicing (34), and
vesicular trafficking (35). The catalytic subunit PPP6C and the
regulatory subunits PPP6R1 and PPP6R3 were found to copurify
with the viral RdRP. Knockdown experiments in human cells re-
vealed that physiological levels of PPP6C are required for efficient
virus growth and for transcription and replication of the viral
genome, suggesting an important role for PP6 and for the regula-
tion of phosphorylation in the influenza A virus life cycle. Indeed,
previous studies have identified numerous sites of phosphoryla-
tion in the proteomes of influenza A and B viruses, with roles for
phosphorylation being implicated in virus entry and exit, nuclear
localization, and protein oligomerization (36–49).

The data presented in this study contribute to the understand-
ing of the role of cellular proteins in influenza virus replication
and underpin further studies into the molecular mechanisms that
govern transcription and replication of the influenza A virus RNA

genome. In addition, the study also contributes to the emerging
evidence for an important regulatory role for the phosphorylation
of viral proteins in influenza virus biology.

MATERIALS AND METHODS
Cells and viruses. Human embryonic kidney 293T (HEK 293T) cells were
maintained in Dulbecco’s modified Eagle medium (DMEM; Sigma) sup-
plemented with 10% fetal calf serum (FCS; Sigma). Human adenocarci-
noma alveolar basal epithelial (A549) cells and Madin-Darby bovine kid-
ney epithelial (MDBK) cells were maintained in modified Eagle medium
with Earle’s salts (MEM; Sigma) supplemented with 2 mM L-glutamine
(Invitrogen) and 10% FCS. Mammalian cells were maintained in humid-
ified incubators at 37°C, 5% CO2. Spodoptera frugiperda (Sf9) cells were
propagated at 28°C in Insect-XPRESS medium (Lonza) supplemented
with 1% penicillin-streptomycin. Influenza A viruses were cultured in
MDBK cells in MEM supplemented with 2 mM L-glutamine and 0.5%
FCS. The influenza A/WSN/33 PB2-Strep virus was generated by reverse
genetics (50) using the pHW2000-PB2-Strep construct (51).

Plasmids and antibodies. The plasmids for use in reverse genetics
have been described previously (50–52). The pcDNA-PB1-Strep and
pcDNA-PA-Strep mammalian expression plasmids were constructed by
digesting pcDNA-PB1-TAP and pcDNA-PA-TAP plasmids (53) with
NotI and XbaI restriction endonucleases and ligating into the digested
plasmids two preannealed complementary oligonucleotides with NotI
and XbaI overhangs at the 5= and 3= ends [(5=-GGCCGCAAGCGCTTG
GAGCCACCCGCAGTTCGAGAAAGGTGGAGGTTCCGGAGGTGG
ATCGGGAGGTGGATCGTGGAGCCACCCGCAGTTCGAAAAAT
AGT-3=) and (5=-CTAGACTATTTTTCGAACTGCGGGTGGCTC
CACGATCCACCTCCCGATCCACCTCCGGAACCTCCACCTTTCTC
GAACTGCGGGTGGCTCCAAGCGCTTGC-3=)]. The pcDNA-PB2-
Strep plasmid was constructed by PCR amplifying the PB2-Strep gene
from pHW2000-PB2-Strep with KpnI and NotI restriction sites at the 5=
and 3= ends, respectively. The PCR product and pcDNA3A (52, 54) were
digested with KpnI and NotI restriction endonucleases, and the PCR-
amplified gene was ligated into pcDNA3A. The pcDNA-PP7CP-Strep
mammalian expression plasmid has been described previously (55).
The pGEX-6P1-GST, pGEX-6P1-GST-PPP6C, pGEX-4T1-GST-PPP6R1,
pGEX-4T1-GST-PPP6R2, and pGEX-4T1-GST-PPP6R3 Escherichia coli
expression plasmids have been described previously (23). Antibodies to
PPP6C (A300-844A) and PPP6R3 (A300-972A) were purchased from
Bethyl Laboratories. Antibodies to actin (A2066) and influenza A virus
NP (Ab128193) were purchased from Sigma and Abcam, respectively. A
custom polyclonal antibody for the influenza A virus RdRP was produced
by Eurogentec. Briefly, recombinant RdRP to be used as an antigen was
expressed using the MultiBac insect cell expression system (56) and puri-
fied as described previously (55). Two rabbits were immunized with 140
�g of antigen, followed by three further boosts of 140 �g of antigen each
over a period of 3 months.

Strep-tag affinity-purifications. To purify PB2-Strep complexes by
Strep-tag affinity chromatography (57), infections were carried out with
PB2-Strep or wild-type (WT) virus at a multiplicity of infection (MOI) of
5 using approximately 4 �107 HEK 293T cells in two 15-cm dishes. Al-
ternatively, transfections were carried out using Lipofectamine 2000 (In-
vitrogen) with 60 �g of each of the indicated pcDNA plasmids (total, 180
�g) using approximately 2 �107 HEK 293T cells in two 15-cm dishes. At
7 h postinfection (p.i.) or 48 h posttransfection, cells were harvested,
washed in ice-cold phosphate-buffered saline (PBS), and pelleted at 450 �
g for 5 min at 4°C. Lysates were prepared by incubating cells on a rotating
wheel for 1 h at 4°C in lysis buffer (50 mM Tris-HCl [pH 8.0], 200 mM
NaCl, 33% glycerol [vol/vol], 0.5% Igepal CA-630 [vol/vol], and 1 mM
dithiothreitol [DTT] with 1� complete EDTA-free protease inhibitor
cocktail [Roche]). The soluble fraction was separated by centrifugation at
17,000 � g for 5 min at 4°C, diluted 1:5 with binding buffer (20 mM
Tris-HCl [pH 8.0], 200 mM NaCl, and 1� complete EDTA-free protease
inhibitor cocktail), and incubated overnight at 4°C with 200 �l of washed
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50% suspension Strep-Tactin Superflow high-capacity resin (IBA
GmbH). The resin was washed extensively with wash buffer (20 mM Tris-
HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 0.1% Igepal CA-630 [vol/vol],
10% glycerol [vol/vol], and 1 mM phenylmethylsulfonyl fluoride
[PMSF]), and proteins were eluted in 2 ml of elution buffer (20 mM
Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 0.1% Igepal CA-630
[vol/vol], 10% glycerol [vol/vol], 1� complete EDTA-free protease inhib-
itor cocktail, and 2 mM d-desthiobiotin) for 2 h on a rotating wheel at 4°C.
Eluates were concentrated using Amicon Ultra-4 (3-kDa-molecular-mass
cutoff) centrifugation devices prior to analyzing by SDS-PAGE and silver
staining or primer extension analysis using NA-specific primers as previ-
ously described (58) or mass spectrometry.

Mass spectrometry. Affinity-purified samples from infected cells were
prepared for mass spectrometry by boiling in Laemmli buffer and running
a short distance into a polyacrylamide gel (Thermo Scientific) to remove
detergent and salts. The entire sample was then excised from the gel with
a clean scalpel. Samples were then washed with 50 mM ammonium bicar-
bonate in 50% (vol/vol) acetonitrile, reduced with 10 mM DTT and 55
mM chloroacetamide, and then digested with 0.5 �g trypsin (Promega) at
37°C for 16 h. Peptides were extracted with 0.1% (vol/vol) formic acid in
50% (vol/vol) acetonitrile, lyophilized in a SpeedVac (Thermo Savant),
and then desalted using an in-house manufactured C18 purification tip.
Samples were lyophilized and stored at �20°C and then dissolved in 0.1%
(vol/vol) formic acid prior to mass spectrometry analysis. Three experi-
ments were performed, and for each experiment two samples were ana-
lyzed, one purified from cells infected with a WT virus and the other
purified from cells infected with the PB2-Strep virus. The WT sample was
always analyzed first. Samples from each experiment were analyzed on
two separate occasions. Samples were analyzed on an Ultimate 3000
RSLCnano HPLC (Dionex, Camberley, United Kingdom) system run in
direct injection mode coupled to a Q Exactive Orbitrap mass spectrometer
(Thermo Electron, Hemel Hempstead, United Kingdom). Samples were
resolved on a 25-cm by 75-�m inner-diameter picotip analytical column
(New Objective, Woburn, MA, USA), which was packed in-house with
ProntoSIL 120-3 C18 Ace-EPS phase, 3-�m beads (Bischoff Chromatog-
raphy, Germany). The system was operated at a flow rate of 300 nl min�1.
A 120-min gradient was used to separate the peptides. The mass spec-
trometer was operated in a “Top 10” data-dependent acquisition mode.
Precursor scans were performed in the Orbitrap at a resolving power of
70,000, from which the 10 most intense precursor ions were selected by
the quadrupole and fragmented by high cell density (HCD) at a normal-
ized collision energy of 28%. The quadrupole isolation window was set at
3 m/z. Charge state �1 ions and undetermined charge state ions were
rejected from selection for fragmentation. Dynamic exclusion was en-
abled for 40 s. Data files were converted from .RAW to .MGF using
ProteoWizard (59).

Analysis of mass spectrometry. Mass spectra were analyzed using the
Central Proteomics Facilities Pipeline (CPFP) (60). Data from experi-
mental replicates were merged. Peptide spectral matches were made to
custom databases that concatenated the sequence of the tagged PB2-Strep
protein with the proteomes of Homo sapiens and of the influenza
A/WSN/33 virus, as well as common contaminants and decoy sequences.
The viral proteome in the database was expanded to include hypothetical
as well as experimentally confirmed proteins, as previously described (36).
For the identification of peptides, CPFP uses iProphet (61) to combine
searches made with Mascot (Matrix Science, London, United Kingdom),
OMSSA (62), and X!TANDEM (63), with peptide identifications vali-
dated using PeptideProphet (64). Combined protein identifications were
assigned using ProteinProphet (65) with a 1% false-discovery rate (FDR).
Searches were made for peptides with up to two missed cleavages, with
carbamidomethylation of cysteine as a fixed modification and oxidation
of methionine and deamidation of glutamine and asparagine as variable
modifications. A minimum of 2 peptides were required to make positive
protein identifications. Label-free protein quantitation was performed
using spectral index normalized quantitation (SINQ) in CPFP (66). The

nature of ubiquitination means that in most cases it was not clear which
proteins ubiquitin was conjugated to. Tryptic peptides of ubiquitin were
assigned to the limited number of ubiquitin conjugates currently anno-
tated in the human proteome. Common contaminants, keratins, serum
albumin, and decoy sequences were manually removed from the data
before further processing. To control for nonspecific binding, proteins
that were present in all three experiments in both the PB2-Strep and the
WT samples were identified (93 proteins from the 619 identified). The
median intensity of this set of proteins was used to normalize protein
abundance, and the mean abundance of each protein in the PB2-Strep and
WT samples was then calculated (missing data did not contribute to the
means). The majority of the proteins consistently found in both the WT
and the PB2-Strep samples had an abundance in the PB2-Strep sample
that was within a 10-fold difference of their abundance in the WT sample
after normalization. Proteins that did not increase at least 10-fold in abun-
dance in the PB2-Strep sample compared to WT were therefore excluded
from further analysis. Finally, for each PB2-Strep sample, protein abun-
dance was normalized by the amount of PB2-Strep present.

Raw files for all mass spectra used in the analysis have been deposited
at the Mass spectrometry Interactive Virtual Environment (MassIVE;
Center for Computational Mass Spectrometry at the University of Cali-
fornia, San Diego) and can be accessed at http://massive.ucsd.edu/Proteo
SAFe/datasets.jsp using the MassIVE ID MSV000078741.

To construct an interaction network, protein-protein interactions
were taken from STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins) version 9.1 (http://string-db.org) on 10 June 2014 (67)
and illustrated using Cytoscape version 3.1.0 (68). Gene Ontology (GO)
mapping to high-level GO parent (GO Slim) terms was performed by the
Generic Gene Ontology Term Mapper (http://go.princeton.edu/cgi-bin
/GOTermMapper) (69, 70) using a GO slim list published by the Euro-
pean Bioinformatics Institute (EBI) (goa_human generic, downloaded on
7 March 2014). The statistical significance of GO term enrichment was
calculated using a hypergeometric test, with the background distribution
of terms in the human genome taken from the GO slim list.

Recombinant influenza A virus RdRP purification. Recombinant in-
fluenza A/NT/60/68 virus RdRP with a protein A tag on the PB2 subunit
was expressed using the MultiBac system in Sf9 insect cells (56) as previ-
ously described (55). Sf9 cell suspension cultures (1 liter) at 1.2 �106

cells/ml were infected with recombinant baculovirus at an MOI of 1 and
incubated for 72 h at 27°C. Infected Sf9 cells were harvested by centrifu-
gation at 800 � g for 15 min at 4°C and lysed by continuous sonication for
90 s with a Soniprep 150 (MSE) at 10-�m amplitude in lysis buffer (50
mM Tris-HCl [pH 8.0], 500 mM NaCl, 10% [vol/vol] glycerol, 0.05%
[wt/vol] octylthioglucoside, 1� complete EDTA-free protease inhibitor
cocktail [Roche], and 100 �g/ml RNase A). The lysate was clarified by
centrifugation at 35,000 � g for 45 min at 4°C, and the supernatant was
incubated with washed IgG Sepharose (approximately 2 ml bead slurry
per liter of original culture; GE Healthcare) for 3 h at 4°C. After binding,
the beads were washed extensively with 50 mM Tris-HCl (pH 8.0), 500
mM NaCl, 10% (vol/vol) glycerol, and 0.05% (wt/vol) octylthioglucoside.
The recombinant RdRP was released using AcTEV protease (150 U/ml of
IgG Sepharose) at 4°C overnight in 50 mM Tris-HCl (pH 8.0), 500 mM
NaCl, 10% (vol/vol) glycerol, 0.05% (wt/vol) octylthioglucoside, and 2.5
mM reduced glutathione. Released recombinant protein was subse-
quently analyzed by SDS-PAGE and Coomassie brilliant blue staining
(Invitrogen).

GST pulldown assay. Glutathione S-transferase (GST), GST-PPP6C,
GST-PPP6R1, GST-PPP6R2, and GST-PPP6R3 were expressed in E. coli
BL21(DE3) by isopropyl �-D-1-thiogalactopyranoside (IPTG) induction
at a concentration of 0.1 mM overnight at 21°C. Cells were harvested by
centrifugation at 5,000 � g for 20 min at 4°C. Cell pellets were resus-
pended in lysis buffer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM
MgCl2, 10% glycerol [vol/vol], 1� complete EDTA-free protease inhibi-
tor cocktail, and 0.25 mg/ml lysozyme) and sonicated for 5 min (30 s
on/off) with a Soniprep 150 (MSE) at 10-�m amplitude. The lysate was
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clarified by centrifugation at 35,000 � g for 30 min at 4°C, and the super-
natant was incubated with 100 �l of washed glutathione Sepharose (GE
Healthcare) for 3 h at 4°C. After binding, the beads were washed exten-
sively with 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM MgCl2, 10%
glycerol (vol/vol), 0.1% Igepal CA-630 (vol/vol), and 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF). Beads were then incubated for 2 h at 4°C with
40 �g of recombinant RdRP in a total volume of 1 ml in 20 mM Tris-HCl
(pH 8.0), 200 mM NaCl, 1 mM MgCl2, 10% glycerol (vol/vol), 0.1%
Igepal CA-630 (vol/vol), and 1� complete EDTA-free protease inhibitor
cocktail. After binding, the beads were washed extensively with 20 mM
Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM MgCl2, 10% glycerol (vol/vol),
0.1% Igepal CA-630 (vol/vol), and 1 mM PMSF. Recombinant proteins
were eluted at room temperature for 15 min in 250 �l of 50 mM Tris-HCl
(pH 8.0), 200 mM NaCl, 10 mM reduced glutathione, 1 mM MgCl2, 10%
glycerol (vol/vol), and 1� complete EDTA-free protease inhibitor cock-
tail. Eluates were analyzed by SDS-PAGE, Coomassie brilliant blue stain-
ing, and Western blotting with an anti-RdRP antibody.

Design of siRNAs and knockdown of PPP6C. Small interfering RNAs
(siRNAs; Sigma) were designed using the Dharmacon siDESIGN center.
Three independent siRNA duplexes with 3= dTT overhangs were designed
against the PPP6C gene (GenBank accession number, NM_001123369)
with different starting positions 239 (siPPP6C1 [GGACAAGTATGTGG
AAATA]), 494 (siPPP6C2 [TCATGAGAGTAGACAGATA]), and 875
(siPPP6C3 [GCACGAAGGCTATAAATTT]). To knock down PPP6C,
HEK 293T cells or A549 cells were transfected in suspension or as a mono-
layer, respectively, with 0.18 nmol/ml of siRNA using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. The AllStars
negative-control siRNA (Qiagen) was used as a negative control. The
transfection was repeated 24 h later on the cell monolayers, and the cells
were incubated for a further 24 h prior to infection. After two consecutive
transfections with siRNAs, HEK 293T and A549 cells in 24-well dishes
were resuspended in PBS, and the cell viability was determined using a
CellTiter-Glo luminescent assay (Promega) according to the manufactur-
er’s instructions. PPP6C protein levels were determined by densitometry
of Western blots with a PPP6C polyclonal antibody.

Growth curve analysis. To assess virus growth in cells treated with
siRNA against PPP6C or with negative-control siRNA, HEK 293T cells in
6-well plates were infected with WT virus at an MOI of 0.001, superna-
tants were harvested at 12, 24, 36, 48, 60, and 72 h p.i., and the virus titer
was determined by plaque assay on MDBK cells. To compare the growths
of WT and PB2-Strep viruses, MDBK cells in 6-well plates were infected at
an MOI of 0.001, supernatants were harvested 12, 24, 36, 48, 60, and 72 h
p.i., and the virus titer was determined by plaque assay on MDBK cells.

RNA analysis. To compare viral RNA synthesis in infected cells, HEK
293T cells were treated with siRNA against PPP6C or with negative-con-
trol siRNA in 24-well plates and were infected at an MOI of 1. RNA was
extracted at 0, 6, and 8 h p.i. using TRIzol (Invitrogen) according to the
manufacturer’s instructions. To compare primary transcription in in-
fected cells, HEK 293T cells in 24-well plates were treated with siRNA
against PPP6C or with negative-control siRNA and were infected at an
MOI of 10 or mock infected in the presence of cycloheximide (CHX; 100
�g/ml). RNA was extracted at 6 h p.i. using TRIzol. RNA pellets were
dissolved in 10 �l of RNase-free water, and RNA was analyzed in a primer
extension assay using NA segment-specific primers as previously de-
scribed (58). Signals were detected by autoradiography, and images were
quantitated using phosphorimage analysis in Aida.

Indirect immunofluorescence and confocal microscopy analysis. To
analyze the cellular localization of viral NP in infected cells that were
knocked down for PPP6C or negative-control cells, A549 cells on 13-mm
cover glasses in 24-well plates were infected with WT virus at an MOI of 1.
At 0, 4, 6, and 8 h p.i., cells were washed with PBS and fixed with 4%
paraformaldehyde in 250 mM HEPES (pH 7.5) for 15 min at room tem-
perature. Cells were permeabilized with 0.5% Triton X-100 (vol/vol) in
PBS for 15 min at room temperature, washed with PBS, and subsequently
blocked in blocking PBS containing 1% bovine serum albumin (wt/vol),

0.2% porcine gelatin (wt/vol), and 0.1% Tween 20 (vol/vol) overnight at
4°C. Indirect immunofluorescence was performed using a mouse mono-
clonal NP antibody at a 1:500 dilution in blocking PBS for 1 h at room
temperature. Coverslips were washed extensively with PBS before labeling
with a Cy3-conjugated anti-mouse secondary antibody (Jackson Immu-
noResearch Laboratories) at a 1:500 dilution in blocking PBS for 1 h at
room temperature. Coverslips were washed extensively with PBS prior to
mounting in Mowiol (Calbiochem) containing 1 �g/ml 4=,6=-diamidino-
2-phenylindole (DAPI; Sigma). Cells were imaged on an Olympus Flou-
view FV1000 confocal laser scanning microscope, using a 60�/1.35 Oil
UPlanSApo objective for detailed imaging and a 40�/1.30 Oil UPlan FLN
objective to capture four images in a random field of view from each
sample for scoring. Images were processed using ImageJ and scored using
the Cell Counter plugin.

RESULTS
Isolation of influenza A virus RdRP complexes and the associ-
ated interactome from infected HEK 293T cells. For the isolation
of the influenza A virus RdRP from infected HEK 293T cells, we
used a recombinant influenza A/WSN/33 virus that expresses the
PB2 subunit of the RdRP with a Strep-tag at the C terminus (PB2-
Strep virus) (51). The Strep-tag is a small polypeptide tag that
exhibits intrinsic reversible affinity for Strep-Tactin, an engi-
neered streptavidin that allows highly selective single-step purifi-
cation of Strep-tag fusion proteins under physiological conditions
(57). The PB2-Strep virus exhibited a plaque phenotype and
growth kinetics indistinguishable from that of wild-type virus
(Fig. 1). This showed that the presence of the Strep-tag on the C
terminus of PB2 does not affect the efficiency of viral replication
and therefore indicated that it does not affect the function of PB2.

FIG 1 Characterization of a recombinant influenza A virus encoding a PB2-
Strep protein. (A) Plaques of WT and PB2-Strep viruses on MDBK cells at 72
h p.i. stained with Coomassie brilliant blue. (B) Growth kinetics of WT virus
and PB2-Strep virus in MDBK cells infected at an MOI of 0.001. At the indi-
cated time points, cell supernatants were collected and virus titers were deter-
mined by plaque assay on MDBK cells. The means and standard deviations
(SD) of three experiments are shown.

Influenza Virus RNA Polymerase Interactome

November 2014 Volume 88 Number 22 jvi.asm.org 13287

http://www.ncbi.nlm.nih.gov/nuccore?term=NM_001123369
http://jvi.asm.org


HEK 293T cells were infected with the PB2-Strep virus or WT
virus (negative control) at a multiplicity of infection (MOI) of 5.
Whole-cell lysates were prepared 7 h p.i., and PB2-Strep com-
plexes were affinity purified with Strep-Tactin resin using a batch
method. PB2-Strep complexes were eluted, concentrated, and an-
alyzed by SDS-PAGE and silver staining, and RNA was analyzed
by primer extension analysis using neuraminidase (NA) segment-
specific primers. Viral RdRP-containing complexes were isolated
from cells infected with the PB2-Strep virus but not from the cells
infected with WT virus (Fig. 2A). Concentration of the eluates
revealed a number of cellular proteins copurifying with PB2-Strep
that were absent in the WT negative control (Fig. 2A). Analyses of
the viral RNAs showed that viral cRNA and vRNA, but not viral
mRNA or the highly abundant 5S rRNA, were isolated using PB2-
Strep affinity purification (Fig. 2B). Approximately 6% of total
cRNA and vRNA was isolated from infected cells using PB2-Strep
affinity purification (Fig. 2C). This showed that the viral RdRP
and ribonucleoprotein complexes in association with cellular fac-
tors had been specifically isolated from infected cells.

Identification of the interactome of the influenza A virus rep-
lication machinery by mass spectrometry. Mass spectrometry
analysis was used to identify proteins that form complexes with
PB2-Strep in infected cells. HEK 293T cells were infected with the
PB2-Strep virus or with WT virus, and affinity purifications were
carried out using Strep-Tactin. Proteins copurifying with PB2-
Strep were identified by mass spectrometry and quantified using
spectral index normalized quantitation (SINQ), a label-free
method that uses the intensities of the peptide fragment ions to
measure protein abundance (see Table S1 in the supplemental
material) (66). Background binding was determined by identify-
ing proteins purified from cells infected with WT virus, which
lacks a Strep-tag (see Materials and Methods for details). As ex-
pected, the viral RdRP subunits and NP were the most abundant
proteins in three separate experiments (see Table S2 in the supple-
mental material). All three RdRP subunits were detected, consis-
tent with the purification of RdRP trimers. However, there was an

excess of approximately one-third of PB2-Strep, indicating that
not all of the PB2-Strep purified was incorporated into trimeric
RdRPs. NP was also purified, confirming that a number of the
RdRPs had been incorporated into RNPs. This is also consistent
with the identification of vRNA and cRNA in the purified samples
(Fig. 2B and C). The ratio of NP to PB2-Strep was 8. Each NP is
thought to bind approximately 24 nucleotides (nt) of RNA (71,
72), so even for the shortest segment of the viral genome (890 nt),
this would not be sufficient for all of the purified RdRPs to be
incorporated into RNPs. Assuming equimolar binding of all eight
genome segments (with an average length of 1,700 nt per vRNP
and hence an average binding capacity of 71 copies of NP), ap-
proximately 1 in 9 of the PB2-Strep proteins analyzed could be
part of an RNP. We therefore conclude that our sample contained
a mixture of RNPs, free trimeric RdRPs, and free PB2 polymerase
subunits. Intriguingly, we also found small amounts of the viral
neuraminidase copurifying with PB2-Strep.

In addition to these viral proteins, 171 cellular proteins were
specifically purified. The abundance of these proteins, which cor-
responds to their relative likelihood of being bound directly or
indirectly to PB2-Strep, varied over approximately 4 orders of
magnitude. The majority of these proteins could be identified re-
producibly (Fig. 3A), with reproducible observations more likely
for the more abundant proteins (see Table S2 in the supplemental
material). The most abundant of the interacting host proteins was
the Hsp70 molecular chaperone, which is clearly visible by PAGE
and silver staining (Fig. 2A and 3B; see also Fig. S1 in the supple-
mental material). Other categories of particularly abundant pro-
tein are shown in Fig. 3B. These include the chaperonin-contain-
ing TCP1 complex (CCT), nuclear import factors such as RanBP5
and importin �3, �4, �5, and �7, ubiquitin and ubiquitin ligases,
cytoskeletal proteins (in particular tubulin), ribosomal proteins,
mitochondrial proteins, phosphatases, and kinases. Most of the
bound proteins could interact with at least one of the other bound
proteins, suggesting that complexes of interacting proteins may
have been purified (Fig. 3B; see also Fig. S1 in the supplemental

FIG 2 Isolation of influenza A virus RdRP and the associated interactome from infected HEK 293T cells. HEK 293T cells were infected with WT virus (negative
control) or PB2-Strep virus at an MOI of 5 for 7 h. PB2-Strep complexes were purified by Strep-tag affinity-purification from cell lysates. (A) Purified proteins
were analyzed by SDS-PAGE and silver staining. (B) Viral RNAs isolated from total cell lysates or purified material were analyzed by primer extension using
radiolabeled primers for positive-sense (mRNA and cRNA) and negative-sense (vRNA) NA-specific viral RNAs. Primer extension analysis of 5S rRNA was used
as a control. Ten times more sample of copurified RNA than of total RNA was analyzed. (C) Quantitation of primer extension analyses of copurified RNA,
showing the means and SD of three biological repeats. Asterisks indicate a significant difference from WT (*, P � 0.05; **, P � 0.01, based on a two-sample
Student’s t test).
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material). Consistent with this, the eight subunits of the chaper-
onin CCT were purified in approximately equal quantities (Fig.
3B). Gene Ontology mapping showed that the interactome of the
viral replication machinery was highly enriched for proteins from
numerous cellular components with varied molecular functions,
reflecting the isolation of PB2 at different stages of the virus life
cycle (Fig. 4).

Among the interactome, we were particularly interested by the
subunits of the cellular serine/threonine protein phosphatase PP6
due to the relatively high abundance of these proteins in the inter-
actome and to the importance of phosphorylation in regulating
influenza virus replication (36). By molar abundance, PPP6C, the
catalytic subunit of the PP6 complex, comprised approximately
1.5% of the viral replication machinery’s interactome, with two
alternative regulatory subunits, PPP6R3 and PPP6R1, comprising
around 0.8% and 0.1%, respectively (see Table S2 in the supple-
mental material). Western blotting confirmed that PPP6C and
PPP6R3 copurified with the viral RdRP from HEK 293T cells in-
fected with PB2-Strep virus but were absent in the negative con-
trol (Fig. 5A).

FIG 3 Identification of the interactome of the influenza A virus transcrip-
tion/replication machinery by mass spectrometry. (A) Venn diagram rep-
resenting 171 cellular proteins identified by affinity purification mass
spectrometry of PB2-Strep complexes from infected HEK 293T cells, high-
lighting the number of identifications that overlap between three indepen-
dent biological repeats. (B) Interaction network of host proteins in the viral
transcription/replication machinery interactome. Abundant proteins have
been manually sorted into the indicated categories. The shading of nodes
indicates their connectivity in the network, with darker shading for highly
connected nodes. The size of nodes is proportional to protein abundance in
the sample, an indication of each protein’s likelihood of being bound to
PB2-Strep. For reasons of clarity, no node has an area less than 1/40 of the
largest node.

FIG 4 Gene Ontology (GO) cellular component terms (A) and functional
terms (B) enriched in the interactome of the viral transcription/replication
machinery and the proportion of the interactome assigned to those terms. The
probability that terms were enriched in the interactome was calculated by
comparing it to the annotation of the total human proteome, and the propor-
tion of interactome proteins with particular terms was calculated by label-free
quantitation of mass spectra.
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We hypothesized that the interaction between the RdRP and
PP6 had evolved because PP6 played a role in regulating influenza
virus replication, and we decided to investigate this interaction
further.

The PB1 and PB2 subunits of the viral RdRP interact directly
with PP6. In order to address the specificity of the interaction of
PP6 with the viral RdRP, individual polymerase subunits, trimeric
RdRP, or PB1-PA dimer were purified from HEK 293T cells trans-
fected with mammalian expression plasmids encoding a Strep-
tagged polymerase subunit. Cells were transfected with an empty
expression vector or a mammalian expression vector encoding the
coat protein of the Pseudomonas aeruginosa bacteriophage PP7
(PP7CP) fused to a Strep-tag (PP7CP-Strep) to control for back-
ground binding of PP6 to Strep-Tactin beads or the Strep-tag,
respectively. To analyze copurification of PP6, Western blotting
was performed using antibodies specific to PPP6C and PPP6R3.
PP6 did not copurify from the negative-control cells transfected
with an empty vector or the PP7CP-Strep expression vector or
with PA-Strep in the absence of other RdRP subunits. However,
PP6 copurified with PB1-Strep, PB2-Strep, trimeric PB2-PB1-PA-
Strep, and a PB1-PA-Strep dimer, indicating that PP6 could inter-
act with PB1 and PB2, both individually and as part of the RdRP
complex (Fig. 5B).

To determine whether the interaction between the viral RdRP
and PP6 was direct, an in vitro GST pulldown assay was per-
formed. N-terminally GST-tagged PPP6C, PPP6R1, PPP6R2, and
PPP6R3 subunits of PP6 or GST alone (negative control) was in-
dividually expressed in E. coli. After cell lysis, the lysate was incu-
bated with glutathione Sepharose beads, and after washing, the
beads were incubated with recombinant influenza A virus RdRP
purified from Spodoptera frugiperda (Sf9) cells. After a further
washing step, the GST fusion proteins were eluted and Western
blotting was performed using an antibody specific to the viral
RdRP. Viral RdRP was not detected when GST was expressed
alone, but GST-tagged PP6 subunits could pull down RdRP in
vitro, indicating that their interaction was direct. GST-tagged

PP6C could pull down only a small quantity of RdRP, but rela-
tively large amounts of RdRP were pulled down by each of the
three GST-tagged PP6 regulatory subunits (Fig. 5C). Thus, the
catalytic and regulatory subunits of PP6 interact directly with
the viral RdRP. This mode of interaction is typical of phosphata-
ses, as the catalytic subunit must interact with the target protein
for activity while the specificity of the interaction is primarily de-
termined by the regulatory subunit. Although we found that each
of the three PP6 regulatory subunits could pull down the viral
polymerase complex, it remains to be determined whether either
of the regulatory subunits facilitates the interaction of PPP6C with
either PB1 or PB2. Nevertheless, the results shown in Fig. 5B
clearly demonstrate that PP6 can interact with both PB1 and PB2
independently of each other.

Knockdown of PPP6C reduces influenza A virus replication.
To assess the biological significance of PP6 in the influenza A virus
life cycle, siRNA-mediated knockdown of the PP6 catalytic sub-
unit was performed and growth of influenza A virus was assessed.
We opted to knock down the catalytic subunit because the cata-
lytic activity of the phosphatase resides in PPP6C and knocking
down a single regulatory subunit might not be appropriate to
assess the function of PP6 in the viral life cycle, considering that all
three regulatory subunits, which might have redundant functions,
were found to interact with the viral RNA polymerase. Three in-
dependent siRNAs specific for the PPP6C subunit, targeting the
mRNA transcript at different positions, were transfected indepen-
dently into HEK 293T cells (siPPP6C1, siPPP6C2, and siPPP6C3),
alongside AllStars negative-control siRNA (siNegative). Cell ly-
sates were analyzed for the levels of PPP6C by Western blotting.
siRNA treatment resulted in a reduction of PPP6C protein levels
to 5 to 20% of the untreated level (Fig. 6A). To ensure that the
same number of viable cells were infected for each treatment, HEK
293T cells were transfected with siPPP6C1, siPPP6C2, siPPP6C3,
or the negative-control siRNA and levels of ATP were measured to
assess their metabolic activity. The numbers of viable cells were
comparable (Fig. 6B). To investigate the effect of PPP6C knock-

FIG 5 Analyses of the interaction between PP6 and the influenza A virus RdRP. (A) Western blot analyses of total cell lysate and Strep-tag affinity purified
material from HEK 293T cells infected with WT or PB2-Strep virus, using antibodies specific to PPP6R3 (upper panel) and PPP6C (lower panel). (B) SDS-PAGE
and silver staining analysis (upper panels) and Western blot analysis (lower panel) using PPP6R3 and PPP6C antibodies of purified Strep-tagged viral RdRP
subunits or negative-control samples from HEK 293T cells transfected with the indicated plasmids. Black arrowheads indicate Strep-purified proteins. (C) GST
pulldown assay whereby GST, GST-PPP6C, GST-PPP6R1, GST-PPP6R2, and GST-PPP6R3 were expressed separately in E. coli and immobilized on glutathione
Sepharose beads. Recombinant influenza A virus RdRP purified from Spodoptera frugiperda (Sf9) cells was incubated with immobilized GST-tagged proteins.
Bound material was analyzed by SDS-PAGE and staining with Coomassie brilliant blue (upper panel) and Western blotting with an RdRP antibody (lower panel).
Black arrowheads indicate the positions of full-length GST-tagged proteins.
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down on the virus life cycle, cells that were knocked down for
PPP6C and control cells were infected with WT virus at an MOI of
0.001 and viral growth kinetics were measured (Fig. 6C). At 12 h
p.i., there was no statistically significant difference between con-
trol and knockdown cells, but at all subsequent time points there
was approximately a 10-fold, statistically significant reduction in
virus accumulation in PPP6C knockdown cells, indicating an im-
portant role for PP6 in the influenza A virus life cycle.

Knockdown of PPP6C reduces viral RNA accumulation in
influenza A virus-infected cells. In order to investigate the mech-
anisms that resulted in approximately 10-fold reduction of virus
growth in PPP6C knockdown cells, viral RNA accumulation was
assessed in PPP6C knockdown cells at 0, 6, and 8 h p.i. HEK 293T
cells were transfected with three independent siRNAs that target
PPP6C or a control siRNA. Levels of PPP6C protein in cell lysates
were assessed by Western blotting. siRNA treatment resulted in
reduction of PPP6C protein levels to 9 to 17% of the untreated
level (Fig. 7A). Cells were infected at an MOI of 1, and RNA was
isolated from infected cells at 0, 6, and 8 h p.i. Primer extension
analyses using NA segment-specific primers showed that there
was a significant reduction in mRNA, cRNA, and vRNA accumu-
lation compared to what was seen in control cells at 6 h p.i. (Fig.
7B). However, at 8 h p.i. a significant reduction in cRNA and
vRNA accumulation was observed only with the PPP6C-target-
ing siRNA that gave the greatest reduction in PPP6C levels
(siPPP6C3), and no significant reduction was observed for viral
mRNA accumulation (Fig. 7C). These data suggest that RNA ac-
cumulation is delayed in PPP6C knockdown cells. In order to
assess whether the requirement of PP6 for efficient viral RNA syn-
thesis takes place at a stage of the influenza A virus life cycle that
precedes primary transcription, PPP6C knockdown or negative-
control cells were infected or mock infected at an MOI of 10 in the
presence of cycloheximide (CHX), an inhibitor of protein synthe-
sis in eukaryotic cells, and the levels of viral mRNA were analyzed.
Knockdown of PPP6C was confirmed by Western blotting, and
quantitation showed that siRNA treatment resulted in reduction
of PPP6C protein levels to 4 to 19% of control levels (Fig. 8A). At
6 h p.i., RNA was extracted from the infected cells, and primer
extension analyses using NA segment-specific primers showed
that levels of primary transcription in knockdown cells were not
significantly different from those of negative-control cells (Fig. 8B
and C). This result indicates that the requirement of PP6 for effi-
cient viral RNA accumulation occurs at a stage of the viral life cycle
after nuclear import of genomic vRNPs and primary transcrip-
tion. Taken together, these data strongly suggest that the phospha-
tase activity of PP6 is required for efficient viral RNA accumula-
tion after primary transcription and, consequently, virus growth
in infected cells. However, it remains unclear whether the require-
ment for PP6 for early viral RNA accumulation is solely responsi-
ble for the reduction observed in viral growth or if PP6 might play
additional roles in the viral replication cycle.

Reduced nuclear export of vRNPs is observed in PPP6C
knockdown cells infected with influenza A virus. To further un-
derstand the mechanisms behind the reduction of influenza A
virus growth in PPP6C knockdown cells, the nuclear export of
vRNPs was compared in human alveolar basal epithelial (A549)
cells with and without PPP6C knockdown. Levels of PPP6C pro-
tein in knockdown cells were reduced to 5 to 11% of those of
negative-control cells (Fig. 9A). To assess the viability of A549 cells
treated with PPP6C-targeting siRNAs, ATP levels were measured;

FIG 6 Effect of PPP6C knockdown in HEK 293T cells on influenza A virus
growth. (A) Western blot analysis of PPP6C in HEK 293T cells treated with
PPP6C-targeting siRNAs (siPPP6C1, siPPP6C2, and siPPP6C3) or a negative-
control siRNA (siNegative). PPP6C (upper panel) was detected with a PPP6C-
specific antibody. Actin (lower panel) was used as a loading control. PPP6C
levels were normalized to the levels of actin and expressed as a percentage of
PPP6C levels in cells treated with siNegative. The means and SD of three
experiments are shown. (B) Viability assay of HEK 293T cells treated with
PPP6C siRNAs or a negative-control siRNA as described above. The levels of
ATP were determined by a CellTiter-Glo luminescent assay. The means and
SD of three experiments are shown. The asterisk indicates a significant differ-
ence from 100% (*, P � 0.05, based on a one-sample Student’s t test). (C)
Growth curves of WT virus in PPP6C knockdown or control cells. Cells were
treated with the indicated siRNAs and infected at an MOI of 0.001. At the
indicated time points postinfection, cell supernatants were collected and virus
titers were determined by plaque assay on MDBK cells. The means and SD of
three experiments are shown. Knockdown of PPP6C significantly reduced
replication compared to a negative-control siRNA for all time points from 24
h onwards (Student’s two-tail t test, P � 0.05).
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these did not vary significantly between PPP6C knockdown cells
and negative-control cells (Fig. 9B). The cellular localization of
viral NP was determined in PPP6C knockdown or negative-con-
trol cells infected at an MOI of 1 with WT virus at 0, 4, 6, and 8 h
p.i. The cellular localization of NP was scored in random fields of
view in three biological replicates. NP signal was absent at 0 h p.i.,
as expected (Fig. 9C and D). At 4 h p.i., 100% of both the knock-
down and the negative-control infected cells showed nuclear NP
staining, indicating that significant vRNP export is not under-
taken at this time point (Fig. 9C and D). At 6 h p.i., an average of
30% of negative-control cells showed a nucleocytoplasmic NP lo-
calization, representing the nuclear export of vRNPs that had oc-
curred in these infected cells. However, on average, only 6%, 7%,
and 11% of the PPP6C knockdown cells treated with the three
different siRNAs showed nucleocytoplasmic NP localization (Fig.
9C and D). At 8 h p.i., the average proportion of infected negative-
control cells that had a nucleocytoplasmic NP localization in-
creased to 71%. However, the average proportions of infected
knockdown cells with a nucleocytoplasmic NP localization
reached only 44%, 49%, and 45% for each PPP6C siRNA, respec-
tively (Fig. 9C and D). These results demonstrate that when the

levels of the catalytic subunit of PP6 are reduced in infected cells,
there is a marked delay in the nuclear export of vRNPs.

DISCUSSION

An in-depth understanding of the physical interactions that occur
between viral proteins and cellular proteins within an infected cell
is necessary for elucidating the molecular mechanisms that under-
lie virus replication. During infection, the influenza virus tran-
scription/replication machinery makes numerous interactions
with the host cell (reviewed in references 10, 73, and 74). Follow-
ing infection, vRNPs from virions enter the host cell nucleus and
recruit host factors to enable them to transcribe and replicate
vRNA. Subsequently, new viral RdRP subunits are translated in
the cytoplasm and must be imported into the nucleus for trimer
assembly and incorporation into RNPs. This requires the viral
RdRP to interface with molecular chaperones and the host nuclear
import machinery (reviewed in references 75, 76, and 77). While
many interactions between the viral RdRP and the host cell have
been reported and some of the molecular biology of these inter-
actions has been elucidated, a full description of the cellular pro-
teins interacting with the viral RdRP in an infected host is lacking.

FIG 7 Effect of PPP6C knockdown in HEK 293T cells on the accumulation of viral RNAs. (A) Western blot analysis of PPP6C in HEK 293T cells treated with
PPP6C-targeting siRNAs (siPPP6C1, siPPP6C2, and siPPP6C3) or a negative-control siRNA (siNegative). PPP6C (upper panel) was detected with a PPP6C-
specific antibody. Actin (lower panel) was used as a loading control. PPP6C levels were normalized to the levels of actin and expressed as a percentage of PPP6C
levels in cells treated with siNegative. The means and SD of three experiments are shown. (B) Primer extension analysis of viral NA segment-specific mRNA,
cRNA, and vRNA in PPP6C knockdown or control cells. Cells were treated with the indicated siRNAs and infected at an MOI of 1. At the indicated time points
postinfection, RNA was extracted from infected cells and viral RNAs were analyzed by primer extension using radiolabeled primers for positive-sense (mRNA
and cRNA) and negative-sense (vRNA) NA-specific viral RNAs. 5S rRNA was used as a loading control. (C) Quantitation of primer extension analysis. The means
and SD of three experiments are shown. Asterisks indicate a significant difference from 100% (*, P � 0.05; **, P � 0.01; ***, P � 0.001, based on a one-sample
Student’s t test).
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Furthermore, much of the mechanistic details and roles of previ-
ously identified host-pathogen interactions is not understood.

In this study, an affinity purification mass spectrometry pro-
teomic approach was employed with the aim of identifying the
cellular interactome of the viral transcription/replication machin-
ery. We sought to identify interactions occurring during infection
by purifying the RdRP subunit PB2. Unlike what was done in
previous studies, in which the viral RdRP was expressed by tran-
sient transfection (18–21), we were able to purify material from
infected human cells. To do this, we took advantage of a recom-
binant influenza A virus encoding a Strep-tag at the C terminus of
the PB2 subunit of the viral RdRP to isolate protein complexes
containing PB2 (51). These complexes included vRNPs and
cRNPs as demonstrated by the presence of NP, vRNA, and cRNA
in the isolated complexes. In contrast, viral mRNA did not copu-
rify at detectable levels with PB2-Strep, confirming that the viral
RdRP does not stably associate with viral mRNA and the viral
RdRP is unlikely to form a stable component of viral mRNPs (78,
79). In addition to PB2 being present in vRNPs and cRNPs, PB2
was present as a monomer and as part of RdRP that had not been
incorporated into RNPs. We identified 171 cellular factors that
copurified with PB2 from infected cells. This interactome was sub-
jected to GO term analysis, revealing that interaction partners of
the viral RdRP have a range of molecular functions. For example,
a significant number of identified proteins are RNA-binding pro-
teins. Considering the RNA-binding functions of the viral RdRP
in transcription and replication of the viral genome (reviewed in
references 8 and 80) and the reported association of the viral RdRP
with cellular DNA-dependent RNA polymerase II and chromatin
(81, 82), it is plausible that many of these factors are involved in
viral RNA synthesis.

To our knowledge, our study is the first to use the relative
abundance of copurifying cellular proteins to assess the likelihood
that they are bound to the influenza virus RdRP in infected cells.

We were able to place the most abundant host proteins in 8 major
categories: chaperones, cytoskeletal proteins, importins, proteins
involved in ubiquitination, kinases and phosphatases, mitochon-
drial proteins, and ribosomal proteins. The category of host pro-
teins most likely to copurify with PB2-Strep was that of molecular
chaperones, including Hsp70. Hsp70 family members have been
reported to interact with the PB1 and PB2 subunits of the viral
RdRP, with roles for Hsp70 being described in the nuclear export
of vRNP complexes (83, 84) and in regulating RNA synthesis (85,
86). A number of additional molecular chaperones were present in
the interactome, including Hsp90 and members of the CCT com-
plex. Hsp90 has been shown to interact with PB1 and PB2 to
stimulate viral RNA synthesis in vitro (87) and to facilitate nuclear
import (88). Members of the CCT chaperonin have been pro-
posed to aid in the folding of PB2 for its incorporation into a
trimeric RdRP (20). The high abundance of molecular chaperones
in the interactome reflects the importance of protein folding, pro-
teome integrity, and proteostasis for the biological function of
viral proteins.

Nuclear transport proteins were also enriched in the interac-
tome. The most abundant of these proteins was importin-5
(RanBP5), a member of the importin-� family. Importin-5 is
known to play a role in the nuclear import of the PB1-PA dimer by
interacting with PB1 (89, 90). However, the nuclear import of PB2
is believed to occur independently of importin-5 and to be facili-
tated instead by the classical �/�-importin pathway (91–93). The
identification of importin-5 as an abundant interactor of PB2,
possibly as part of an RNP complex, suggests a role for importin-5
beyond its role in the nuclear import of the PB1-PA dimer. In
addition to importin-5, members of the importin-� family of pro-
teins, including importin-�3, -�4, -�5, and -�7, were also present,
most likely due to the use of the �/�-importin pathway for nuclear
import of PB2, NP, and vRNP complexes (reviewed in reference

FIG 8 Effects of PPP6C knockdown in HEK 293T cells on primary transcription by parental vRNPs. (A) Western blot analysis of PPP6C in HEK 293T cells
treated with PPP6C-targeting siRNAs (siPPP6C1, siPPP6C2, and siPPP6C3) or a negative-control siRNA (siNegative). PPP6C (upper panel) was detected with
a PPP6C-specific antibody. Actin (lower panel) was used as a loading control. PPP6C levels were normalized to the levels of actin and expressed as a percentage
of PPP6C levels in cells treated with siNegative. The means and SD of three experiments are shown. (B) Primer extension analysis of viral NA segment-specific
mRNA, cRNA, and vRNA in PPP6C knockdown or control cells. Cells were treated with the indicated siRNAs and mock infected or infected at an MOI of 10 in
the presence of cycloheximide (100 �g/ml). At 6 h p.i., RNA was extracted from infected cells and viral RNAs were analyzed by primer extension using
radiolabeled primers for positive-sense (mRNA and cRNA) and negative-sense (vRNA) NA-specific viral RNAs. 5S rRNA was used as a loading control. (C)
Quantitation of primer extension analysis. The means and SD of three experiments are shown.
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FIG 9 Effects of PPP6C knockdown on NP nucleocytoplasmic distribution in influenza A virus-infected A549 cells. (A) Western blot analysis of PPP6C in HEK
293T cells treated with PPP6C-targeting siRNAs (siPPP6C1, siPPP6C2, and siPPP6C3) or a negative-control siRNA (siNegative). PPP6C (upper panel) was
detected with a PPP6C-specific antibody. Actin (lower panel) was used as a loading control. PPP6C levels were normalized to the levels of actin and expressed as
a percentage of PPP6C levels in cells treated with siNegative. The means and SD of three experiments are shown. (B) Viability assay of A549 cells treated with
PPP6C siRNAs or a negative-control siRNA as described above. The levels of ATP were determined by a CellTiter-Glo luminescent assay. The means and SD of
three experiments are shown. (C) Confocal microscopy analysis of the nucleocytoplasmic distribution of NP in infected PPP6C knockdown cells. A549 cells
treated with the indicated siRNAs were infected at an MOI of 1. NP was detected by indirect immunofluorescence using a monoclonal NP antibody and confocal
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75); however, a noncanonical function for importin-� proteins in
viral transcription/replication has also been proposed (91, 94).

Among the cytoskeletal proteins identified, tubulins, the major
constituents of microtubules, were found to be the most abun-
dant. This is likely to be related to the microtubule-dependent
transport of vRNPs across the cytoplasm prior to virion assembly
at the plasma membrane (95–98). A number of mitochondrial
proteins were also present in the interactome. In previous studies,
PB2 of human-adapted influenza viruses has been shown to accu-
mulate in the mitochondria of infected cells and suppress beta
interferon (IFN-�) production by associating with the mitochon-
drial antiviral signaling protein (MAVS) (99–101). Although
MAVS has not been identified in this study, we found a range of
mitochondrial proteins copurifying with PB2, including the apo-
ptosis-inducing factor AIFM1. A previous study has shown that
this protein, along with over 30 other mitochondrial proteins,
associates with the PA subunit of the RdRP (21). The presence of
a number of mitochondrial proteins in the interactome implies
that uncharacterized associations exist between mitochondria and
the viral transcription/replication machinery for the control of
innate immune responses and apoptosis.

Posttranslational modifications are known to play an impor-
tant role in influenza virus biology, and we identified factors in-
volved in ubiquitination as interactors of the viral RdRP. Influ-
enza virus proteins have been shown to be polyubiquitinated,
leading to their degradation by the 26S proteasome (102–105).
For example, the IFN-inducible antiviral protein TRIM22 has
been shown to target NP for degradation in order to curtail virus
replication (103). However, nondegradative roles of ubiquitina-
tion in influenza virus replication have also been proposed. Viral
NP is reversibly monoubiquitinated, which has been proposed to
regulate its RNA-binding activity (106). The identification of spe-
cific ubiquitin ligases in the RdRP interactome could help to elu-
cidate the molecular mechanisms of a targeted response by the
innate immune system to downregulate virus replication and
could facilitate the understanding of the role of reversible monou-
biquitination in the regulation of the viral transcription/replica-
tion machinery.

The influenza virus RdRP and NP are known to be phosphor-
ylated in infected cells (36–38, 43, 46, 107, 108), and kinase activity
has been shown to be essential for influenza virus replication. The
treatment of cells with protein kinase inhibitors has been shown to
interfere with different stages in the virus life cycle, including nu-
clear import, transcription, translation, nuclear export, and viral
egress (109–113). Consistent with this, we found that a number of
kinases and phosphatases were present in the interactome. We
decided to investigate one of these interactions further, focusing
on the cellular phosphatase PP6, as it was present at a relatively
high abundance in the interactome. The PP6 heterotrimeric ho-
loenzyme has been proposed to be composed of the catalytic sub-
unit PPP6C, an ankyrin repeat domain 28 protein (Ankrd28), and
one of the regulatory subunits PPP6R1, PPP6R2, and PPP6R3
(29). PPP6C, PPP6R1, and PPP6R3 were identified by mass spec-
trometry as interactors of the viral RdRP. However, Ankrd28 was
not detected in the mass spectrometry. This absence could be ex-

plained by a proposed model of PP6 holoenzyme assembly in
which Ankrd28 is not required for the interaction between the
catalytic and regulatory subunits of PP6 (29).

The biological significance of PP6 in the influenza A virus life
cycle was assessed by functional experiments in which the catalytic
subunit of PP6 was knocked down in infected cells. Knockdown of
PP6 resulted in a 10-fold reduction in viral growth, most likely
caused by a delay in viral RNA accumulation. We found a signif-
icant reduction in viral RNA accumulation early in infection, al-
though primary transcription was not affected. This suggests that
PP6 function is required for viral RNA replication and, conse-
quently, secondary transcription. These processes are known to
depend on newly synthesized RdRP and NP, and therefore it is
plausible that PP6 is required for the nuclear import and assembly
of fully functional RdRP and/or viral RNPs. It is also possible that
PP6 acts directly on the viral RdRP to positively regulate its repli-
cative activity.

We found that PP6 interacted with monomeric PB1 and PB2,
dimeric PB1-PA, and the trimeric RdRP in mammalian cells. This
is consistent with a previous report that PPP6C interacts with a
PB1-PA dimer in transiently transfected cells (21). We deter-
mined that the interaction between PP6 and the viral RdRP is
direct, with both the catalytic and regulatory subunits being able
to bind to the RdRP independently. However, more RdRP was
found to interact with the regulatory subunits, in agreement with
the substrate specificity of PP2A phosphatases being defined by
their regulatory subunits (31, 114). Although there is no high-
resolution structural information available for the PP6 holoen-
zyme, the crystal structure of the PP2A holoenzyme shows that a
substrate-binding groove within the regulatory subunit is located
in close proximity to the active site of the catalytic subunit, sup-
porting the view that the regulatory subunits are responsible for
target specificity and the positioning of the phosphorylated sub-
strate close to the catalytic center for dephosphorylation (115).
We found that PP6 binds directly to the PB1 and PB2 subunits
of the viral RdRP, suggesting that it could dephosphorylate PB1
or PB2.

All three subunits of the viral RdRP as well as NP are phosphor-
ylated (36–38, 43, 46, 107, 108, 116), and PP6 could be involved in
the regulation of their phosphorylation. For example, phosphor-
ylation of PB1 and PB2 could regulate their interactions with im-
portins. The structure of the C terminus of PB2 in complex with
importin-�5 reveals that S742, a residue that can be phosphory-
lated (36), is positioned close to two basic residues on the surface
of importin-�5 (92). Phosphorylation of S742 could therefore
regulate PB2 binding to importins. The PB1 subunit of the viral
RdRP can be phosphorylated at position T223. This is close to a
nuclear localization signal (NLS) and a region that is believed to be
involved in promoter binding, indicating a potential role in regu-
lating the cellular localization or RNA binding of PB1 (36, 90,
117–120).

As PP6 interacts directly with PB1 and PB2, they represent the
most obvious substrates. However, it is possible that PP6 could
dephosphorylate another viral or host protein in close proximity
to PB1 or PB2. The viral RdRP forms a compact structure, and

microscopy at the indicated time points p.i. The percentage of infected cells with a nucleocytoplasmic NP localization at each time point is shown. The means and
SD of three experiments are shown. Asterisks indicate a significant difference from siNegative (*, P � 0.05; **, P � 0.01; ***, P � 0.001, based on a two-sample
Student’s t test). (D) Representative images of NP localization. Scale bars, 20 �m.
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therefore it is conceivable that PP6 could dephosphorylate PA
(121–124), which can be phosphorylated at positions S224/S225,
in an unstructured region linking the PA endonuclease and C-ter-
minal domains (6, 7, 36, 125, 126). The viral NP can be phosphor-
ylated at multiple sites (36–38, 42, 116), and therefore it is also
possible that PP6 could bind to the viral RdRP and dephosphor-
ylate a proximal NP molecule within a viral RNP complex, per-
haps serving to regulate the oligomerization of NP as has been
previously proposed (36, 116). Nuclear export protein (NEP), a
viral factor for the nuclear export of genomic vRNPs and a regu-
lator of viral RNA synthesis, has been found to be phosphorylated
at a position between S23 and S25 (36, 127). NEP is known to
interact with and modulate the activity of the viral RdRP (58,
127–129), and therefore it could be subject to PP6-mediated reg-
ulatory phosphorylation. In support of this hypothesis, a recent
study described a minor role for phosphorylation of NEP in con-
trolling vRNP export and the polymerase cofactor activity in reg-
ulating RNA synthesis (130).

We cannot exclude the possibility that PP6 also plays an addi-
tional role in the virus life cycle, independent of binding to the
viral RdRP. PP6 regulates the activities of many host proteins (22–
35), and it is therefore possible that PP6 silencing perturbs the
virus life cycle by affecting other cellular processes. However, the
fact that PP6 interacts directly with the viral RdRP suggests that it
plays a direct role in the viral life cycle by regulating the posttrans-
lational modifications of viral proteins. Further studies will be
required to identify the precise substrate and residues targeted by
PP6 and to determine the molecular function that dephosphory-
lation by PP6 plays in the influenza virus life cycle.

In summary, 171 components of the interactome of the influ-
enza A virus transcription/replication machinery were identified
by highly sensitive LC/MS-MS and label-free quantitative analysis
of affinity-purified PB2 complexes from virus-infected human
cells. One of the identified proteins, the cellular phosphatase PP6,
was shown to be important for the influenza A virus life cycle, as
siRNA-mediated knockdown resulted in the downregulation of
viral RNA synthesis and, consequently, vRNP export and virus
growth. This study identifies cellular factors that interact with the
viral transcription/replication machinery during influenza A virus
infection and highlights the significance of regulatory phosphor-
ylation in influenza virus biology.
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