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Exploration of Binary Virus—-Host Interactions
Using an Infectious Protein Complementation

Assay*s

Sandie Muniert§1], Thomas Rolland|**, Cédric Diot}§], Yves Jacob$§1|**1%,

and Nadia Naffakh1§711

A precise mapping of pathogen-host interactions is
essential for comprehensive understanding of the pro-
cesses of infection and pathogenesis. The most fre-
quently used techniques for interactomics are the yeast
two-hybrid binary methodologies, which do not recapitu-
late the pathogen life cycle, and the tandem affinity puri-
fication mass spectrometry co-complex methodologies,
which cannot distinguish direct from indirect interactions.
New technologies are thus needed to improve the map-
ping of pathogen-host interactions. In the current study,
we detected binary interactions between influenza A virus
polymerase and host proteins during the course of an
actual viral infection, using a new strategy based on trans-
complementation of the Gluc1 and Gluc2 fragments of
Gaussia princeps luciferase. Infectious recombinant influ-
enza viruses that encode a Gluc1-tagged polymerase
subunit were engineered to infect cultured cells tran-
siently expressing a selected set of Gluc2-tagged cellular
proteins involved in nucleocytoplasmic trafficking path-
ways. A random set and a literature-curated set of Gluc2-
tagged cellular proteins were tested in parallel. Our assay
allowed the sensitive and accurate recovery of previously
described interactions, and it revealed 30% of positive,
novel viral-host protein—protein interactions within the
exploratory set. In addition to cellular proteins involved in
the nuclear import pathway, components of the nuclear
pore complex such as NUP62 and mRNA export factors
such as NXF1, RMB15B, and DDX19B were identified for
the first time as interactors of the viral polymerase. Gene
silencing experiments further showed that NUP62 is re-
quired for efficient viral replication. Our findings give new
insights regarding the subversion of host nucleocytoplas-
mic trafficking pathways by influenza A viruses. They also
demonstrate the potential of our infectious protein com-
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plementation assay for high-throughput exploration of
influenza virus interactomics in infected cells. With more
infectious reverse genetics systems becoming avail-
able, this strategy should be widely applicable to numer-
ous pathogens. Molecular & Cellular Proteomics 12:
10.1074/mcp.M113.028688, 2845-2855, 2013.

Influenza pandemics can be devastating. Even during typ-
ical epidemic years, ~250,000 to 500,000 people worldwide
die as a result of severe complications associated with influ-
enza infections. The elucidation of how influenza viruses in-
teract with the host cell machinery and hijack cellular path-
ways has become an active field of research and could pave
the way to new antiviral approaches targeting virus—host in-
teractions (1, 2). Several RNAi-based genome-wide screens
have been performed for the identification of host factors
involved in influenza virus replication (3-9). Because influenza
virus polymerase is a key component in the viral life cycle and
is a strong determinant of virulence and host range (10, 11),
other studies have used yeast two-hybrid (9, 12) or proteo-
mics approaches (13-15) to attempt to identify cellular pro-
teins that interact with the viral polymerase. These ap-
proaches have limitations, as they do not recapitulate the
entire viral cycle or cannot distinguish between direct and
indirect interactions (16). New technologies are thus needed
to improve the mapping of virus—host interactions and to aid
in the design of more effective therapeutics.

The genome of influenza A viruses consists of eight mole-
cules of single-stranded RNA of negative polarity. The viral
RNAs associate with the nucleoprotein and with the three
subunits of the polymerase complex (PB1, PB2, and PA) to
form ribonucleoproteins (RNPs).! Once in the infected cells,
the RNPs are transported to the nucleus, where they undergo
transcription and replication (17). We used a new strategy to

" The abbreviations used are: GO, gene ontology; iPCA, infectious
protein complementation assay; LCS, literature-curated set; MOI,
multiplicity of infection; MS, mass spectrometry; NLR, normalized
luminescence ratio; NPC, nuclear pore complex; pfu, particle forming
unit; PPI, protein—protein interaction; RNP, ribonucleoproteins; RRS,
random reference set; TPCK, L-1-tosylamido-2-phenylethyl chloro-
methyl ketone; VSV, vesicular stomatitis virus.
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detect binary interactions between the viral polymerase and
host proteins during the course of an actual viral infection. Our
infectious protein complementation assay (iPCA) is based on
the complementation of two trans-complementing fragments
of Gaussia princeps luciferase, Gluc1 and Gluc2 (18, 19).
Interaction-mediated luciferase activity is measured in cul-
tured cells transiently expressing a cellular protein fused to
Gluc2 and infected with a recombinant influenza virus having
Gluc1 fused to one of its polymerase subunits. These engi-
neered infectious viruses allowed us to achieve the sensitive
and accurate detection of influenza virus—host protein—-
protein interactions throughout the viral cycle.

EXPERIMENTAL PROCEDURES

Cells and Viruses—293T, A549, and BSR cells were grown in
complete Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS). MDCK cells were grown in
modified Eagle’s medium supplemented with 5% FCS.

Wild-type A/WSN/33 (WSN) influenza virus was produced via re-
verse genetics using a procedure adapted from the work of Fodor et
al. (20). Vesicular stomatitis virus (VSV) (Indiana strain) was kindly
provided by O. Delmas (Institut Pasteur, Paris, France). WSN and VSV
viruses were amplified on MDCK and BSR cells, respectively, at a
multiplicity of infection (MOI) of 0.001 pfu/cell. They were titrated on
MDCK and BSR cells, respectively, using a plaque assay adapted
from Matrosovich et al. (21).

Plasmids—The eight pPoll plasmids containing the sequences cor-
responding to the genomic segments of influenza virus A/WSN/33
and the four recombinant pcDNA3.1 plasmids for the expression of
WSN-PB1, -PB2, -PA, and -NP proteins (20) were kindly provided by
G. Brownlee (Sir William Dunn School of Pathology, Oxford, UK).

The pPoll-SL-PB2-Gluc1 and pPoll-SL-PB2-Gluc2 plasmids were
obtained by subcloning the Gluc1 and Gluc2 coding sequences,
respectively, between the Notl and Nhel sites of the pPoll-PB2-
GFPS11 plasmid (22).

The pPoll-PB1-SL-Gluc1 and pPoll-PA-LL-Gluc1 plasmids were
obtained via modification of the pPoll-WSN-PB1 and pPoll-WSN-PA
using standard PCR and cloning procedures in order to fuse the
following sequences to the 5’ end of the PB1- or PA-ORF: (a) a short
sequence encoding the short peptidic linker AAAGGS (SL, for PB1) or
the long peptidic linker AAAGGGGSGGGGS (LL, for PA); (b) the Gluc1
coding sequence; (c) a stop codon combined with an Spel restriction
site (TAAACTAGT); and (d) the 5’ terminal 88 nucleotides of the PB1
segment or the 5’ terminal 100 nucleotides of the PA segment.

To produce the pPoll-PB1-SL-Gluc2 and pPoll-PA-LL-Gluc?2 plas-
mids, the Gluc2 coding sequence was amplified using the pSPICA-N2
plasmid (18) as a template. The resulting PCR product was digested
with Notl and Nhel and subcloned between the Notl and Spel sites of
pPoll-PB1-Gluc1 and pPoll-PA-Gluc1 plasmids, respectively.

The Gateway®-compatible donor plasmids containing cellular Open
Reading Frames (ORFs) were obtained from the Human ORFeome
resource (hORFeome v3.1). They were transferred into the Gateway®-
compatible pSPICA-N2 destination vector (18) using LR clonase (Invit-
rogen) according to the manufacturer’s specifications. The resulting
plasmids allowed the expression of Gluc2-cellular-ORF fusion proteins.

The proteins included in the random reference set (RRS) were
randomly selected from within the RRS used by Braun et al. (23).

All constructs were verified through sequencing using a Big Dye
terminator sequencing kit and an automated sequencer (PerkinEimer
Life Sciences). The sequences of the oligonucleotides used for am-
plification and sequencing can be provided upon request.

Production of Recombinant Viruses via Reverse Genetics—The
method used for the production of recombinant influenza viruses via
reverse genetics was adapted from previously described procedures
(20). Briefly, the eight pPoll-WSN and four pcDNA3.1-WSN plasmids
(0.5 ug of each) were co-transfected into a sub-confluent monolayer
of co-cultivated 293T and MDCK cells (4 X 10° and 3 X 10° cells,
respectively, seeded in a 35-mm dish) using 10 ul of FUGENE® HD
transfection reagent (Roche). After 24 h of incubation at 35 °C, the
supernatant was removed, and cells were washed twice with DMEM
and incubated at 35 °C in DMEM containing TPCK-treated trypsin at
a final concentration of 1 ug/ml for 48 h. The efficiency of reverse
genetics was evaluated by titrating the supernatant on MDCK cells in
plague assays. For subsequent amplification of the recombinant
PB1-, PB2-, and PA-Gluc1 or PB1-, PB2-, and PA-Gluc2 viruses,
MDCK cells were infected at an MOI of 0.0001 and incubated for 3
days at 35 °C in DMEM containing TPCK-treated trypsin at a concen-
tration of 1 ug/ml. Viral stocks were titrated via plaque assays on
MDCK cells as described elsewhere (21). Viral RNA was extracted
and subjected to reverse-transcription and amplification using spe-
cific oligonucleotides. The products of amplification were purified
using a QIAquick gel extraction kit (Qiagen, Courtaboeuf, France) and
were sequenced using a Big Dye terminator sequencing kit and an
automated sequencer (PerkinElmer Life Sciences). The sequences of
the oligonucleotides used for amplification and sequencing can be
provided upon request.

Antiviral Activity Assay—MDCK cells were seeded at a concentra-
tion of 2 X 10* cells per well in 96-well white plates (Greiner Bio-One,
Courtaboeuf, France). After 24 h, cells were rinsed twice with DMEM
and co-infected with a combination of vP-Gluc1 and vP’-Gluc2 vi-
ruses (0.01 pfu of each virus/cell in 50 wl). After viral adsorption for 1 h
at 35 °C, 50 ul of DMEM supplemented with 4% of FCS were added
and cells were incubated at 35 °C for 24 h. Cells were either left
untreated or incubated with ribavirin (Sigma) or nucleozin (Sigma) at a
final concentration of 1-100 um or 0.01-1 um, respectively, for 24 h
post-infection, or they were incubated with amantadine (Sigma) at a
final concentration of 10 um during the 30 min preceding infection,
during viral adsorption, and for 24 h post-infection. At 24 h post-
infection, cells were mildly rinsed in Ca®*/Mg®"-Dulbecco’s PBS,
and 40 ul of Renilla lysis buffer (Promega, Charbonnieres, France)
were directly added to each well. After incubation for 1 h at room
temperature, the Gaussia princeps luciferase enzymatic activity
was measured using the Renilla luciferase assay reagent (Promega)
and a Berthold Centro XS luminometer (Renilla luminescence
counting program, integration time of 10 s after injection of 50 ul of
the reagent).

Viral-Host Protein—-Protein Interaction Assay—?293T cells were
seeded at a concentration of 3 X 10* cells per well in 96-well white
plates (Greiner Bio-One, Courtaboeuf, France). After 24 h, the cells
were co-transfected in triplicate with 100 ng of the recombinant
p-Gluc2-cellular-ORF constructs and 50 ng of the pCl plasmid (Pro-
mega) using polyethyleneimine (Polysciences Inc, Le Perray-en-Yve-
lines, France). At 17 h post-transfection, cells were rinsed with DMEM
and infected with 50 ul of a viral suspension containing 9 X 10° pfu
of PB2-Gluc1, PB1-Gluc1, or PA-Gluc1 recombinant virus.

As a control, cells were either (i) co-transfected with 100 ng of the
empty p-Gluc2 plasmid and 50 ng of pCl and subsequently infected
with 9 X 10° pfu of PB2-Gluc1, PB1-Gluc1, or PA-Gluc1 recombinant
virus or (i) co-transfected with 100 ng of the p-Gluc2-cellular-ORF
constructs and 50 ng of the empty p-Gluc1 plasmid and subsequently
infected with 9 X 10° pfu of the wild-type WSN virus.

After viral adsorption for 1 h at 35 °C, 50 ul of DMEM supple-
mented with 4% FCS were added to each well, and cells were
incubated at 35 °C for 6 h. Cells were mildly rinsed in Ca?*/Mg?*-
Dulbecco’s PBS, and 40 pl of Renilla lysis buffer (Promega) were
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directly added to each well. After incubation for 1 h at room temper-
ature, the Gaussia princeps luciferase enzymatic activity was mea-
sured using the Renilla luciferase assay reagent (Promega) and a
Berthold Centro XS luminometer (Renilla luminescence counting pro-
gram, integration time of 2 s after injection of 50 ul of the reagent). For
each p-Gluc2-cellular-ORF plasmid, three normalized luminescence
ratios (NLRs) were calculated as follows: the luminescence activity
measured in cells transfected with the p-Gluc2-cellular-ORF plasmid
and infected with the PB2-Gluc1, PB1-Gluc1, or PA-Gluc1 virus
(arbitrary units, mean of triplicates) was divided by the sum of the
luminescence activities measured in both control samples as de-
scribed above (arbitrary units, mean of triplicates).

Enrichment Analysis—The integrated dataset of human protein-
protein interactions (PPIs) available in the HIPPIE database was used
to generate the subnetwork of PPIs connected as first neighbors to
proteins directly targeted by the influenza virus polymerase subunits
(layer one). This subset of PPIs connected to layer one was scored
according to experimental evidence as described in HIPPIE (24).
Interactions with scores greater than or equal to 0.75, considered as
high-confidence interactions, were selected as layer two. The result-
ing subnetwork was analyzed with ClueGO (Cytoscape plugin (25)) to
extract the non-redundant biological information based on enrich-
ment for biological process descriptors in gene ontology (GO) anno-
tations associated with each polymerase subunit. The significance of
each term was calculated using a hypergeometric test and a Bonfer-
roni p value correction according to ClueGO standard statistical
options (25). GO term analysis was restricted to p values = 0.01 and
“global” network predefined selection criteria in order to get more
global functional enrichment information and obtain insights into the
main biological processes susceptible to targeting by the influenza
virus polymerase subunits.

siRNA Transfection and Infection Assays—Small interfering RNAs
(siRNAs) targeting CCT2, RANGAP1, and NUP62 were purchased
from Thermo Scientific (lllkirch, France). Non-target siRNA (Dharma-
con ON-TARGETplus Non-targeting Control pool) was used as a
negative control. A549 cells (2 X 10* cells) were transfected in sus-
pension with 25 nv of siRNA using 0.2 ul of DharmaFECT1 transfec-
tion reagent (Thermo Scientific) and were plated in 96-well plates. The
medium was replaced with fresh medium 24 h later. At 48 h post-
transfection, cells were infected with influenza A/WSN/33 virus at an
MOI of 0.001 pfu/cell or with VSV at an MOI of 0.0001 pfu/cell. After
viral adsorption for 1 h at 37 °C, 50 ul of DMEM supplemented with
4% FCS were added per well and cells were incubated at 37 °C for
24 h. Supernatants were collected and viral titers were determined
via plaque assays on MDCK or BSR cells as described above. Cell
viability was determined by assaying the total intracellular ATP with the
CellTiter-Glo Luminescent Viability Assay kit (Promega) according to the
manufacturer’s recommendations. Down-regulation of siRNA-targeted
genes was evaluated at 48 h and 72 h post-transfection by means of
RT-gPCR using the Maxima First Strand cDNA Synthesis Kit and Solaris
gPCR Expression Assays and Master Mix (Thermo Scientific) according
to the manufacturer’'s recommendations.

RESULTS

Using a plasmid-based reverse genetics system (20, 26,
27), we produced a set of infectious recombinant A/WSN/33
(WSN) influenza viruses that expressed a PB1, PB2, or PA
polymerase subunit fused at their C-terminal end to Gluc1 or
Gluc2 complementation fragments of Gaussia princeps lucif-
erase. Viability of the recombinant viruses depended on the
peptidic linker separating the Gluc fragment from the poly-
merase subunits, and on sequence duplication ensuring the
conservation of packaging signals at the 5’ end of the viral
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Fic. 1. The PB1, PB2, and PA viral RNA (vVRNA) segments used
in reverse genetics experiments. The vRNAs encoding PB1-
Gluc1/2 (A), PB2-Gluc1/2 (B), or PA-Gluc1/2 (C) fusion proteins are
represented schematically. The PB1-, PB2-, and PA open reading
frames (light grey boxes) are fused to the sequences encoding the
Gluc1 or Gluc2 (Gluc1/2) domain of Gaussia princeps luciferase (white
boxes) and flanked by the 3" and 5’ viral non-coding regions (NCR)
(thick lines). The Gluc1 and Gluc2 domains are separated from the
viral proteins with a small (PB1 and PB2) or large (PA) linker (SL and
LL, respectively; black boxes). The duplicated PB1, PB2, and PA
coding sequences are represented by dark grey boxes. The length of
the sequence kept identical to the wild-type at the 5’ extremity of the
genomic segment is indicated by a double-headed arrow. Black
arrowheads indicate stop codons.

genomic segments (26) (Fig. 1). Despite moderate attenuation
relative to the wild-type WSN virus, the viruses expressing a
viral fusion protein (vP-Gluc1 or vP-Gluc2) were replication-
competent, with the vP-Gluc1 viruses showing higher titers
than their vP-Gluc2 counterparts upon multi-cycle amplifica-
tion on MDCK cells (2 x 10° to 10 x 10° pfu/ml, compared
with 0.3 X 10° to 3 X 10° pfu/ml).

We checked whether the viral fusion proteins were indeed
expressed in vP-Gluc1 and vP-Gluc2 infected cells, and
whether they could participate in the reconstitution of a func-
tional Gaussia princeps luciferase. To this end, MDCK cells
were infected with six distinct pairs corresponding to every
possible combination of vP-Gluc1 and vP-Gluc?2 viruses. High
luciferase activities were detected in cell lysates at 24 h post-
infection (Fig. 2A, black bars), which likely resulted from the
natural assembly of viral polymerase heterotrimers. A strong
and dose-dependent reduction of luciferase activities was
observed in the presence of ribavirin (Fig. 2A, white bars, and
Fig. 2B) and in the presence of nucleozin (Fig. 2C), but not in
the presence of amantadine (Fig. 2A, grey bars), consistent
with the A/WSN/33 virus used in these experiments being
sensitive to ribavirin and nucleozin but resistant to amanta-
dine (28, 29). The observed EC., values for ribavirin and
nucleozin were 9.7 um and 0.13 um, respectively, in accord-
ance with literature data (30, 31). These data showed that the
vP-Gluc recombinant viruses were well designed for the de-
tection of PPIs involving the polymerase subunits during the
course of infection. In addition, they indicated that the vP-
Gluc viruses can be used to measure the inhibition of viral
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replication in an assay that covers the entire viral cycle, unlike
existing reporter-based methods (3, 32, 33), and therefore
could be instrumental for the development of improved high-
throughput screens for chemical antivirals or genome-wide
siRNAs.

We next explored the potential of the vP-Gluc1 viruses for
the detection of binary interactions between each subunit of
influenza virus polymerase (PB1, PB2, and PA) and cellular
factors. To validate the assay and to determine the cutoff for
non-interacting protein pairs, we selected (i) a literature-cu-
rated set (LCS) composed of 58 human proteins that were
shown to interact with influenza virus polymerase through
yeast two-hybrid (34 proteins) (9, 12), tandem affinity purifi-
cation MS (13-15) (15 proteins), or other methods (9 proteins)
(LC-Y2H, LC-MS and LC-OM in Table | and supplemental
Table S1); and (ii) an a priori “negative” set of 36 randomly
picked human proteins, or an RRS (Table ).

To identify novel host interactors of the viral polymerase
subunits, we selected a set of proteins that had not been
documented with respect to their interaction with influenza
virus polymerase, specifically, 31 proteins annotated to the
GO terms “nucleocytoplasmic transport” (GO:0006913) or
“nuclear pore” (GO:0005643) (Table | and supplemental Table
S1), plus 5 proteins that affected influenza virus replication in
at least two independent RNAI screens (3) and were function-
ally related to intracellular transport (RNAI, Table | and sup-
plemental Table S1). While this work was in progress, 10
proteins from this selection were identified as polymerase
interactors (12, 13, 34) and were thus shifted into the LCS. The

Concentration of nucleozin (uM)

resulting exploratory set comprised 26 proteins (GO terms: 22
proteins; RNAI: 4 proteins) (Exp-GT and Exp-RNAi in Table ).

Expression plasmids encoding the selected human proteins
fused to the Gluc2 fragment at their N-terminal end were
produced. The LCS, the RRS, and the exploratory set were
tested in triplicate for the production of luciferase activity
upon transfection in 293T cells and subsequent infection with
the recombinant influenza viruses expressing PB1-Gluct,
PB2-Gluc1, or PA-Gluc1 (Fig. 3A). For each human-viral pro-
tein pair, luciferase activity was expressed as an NLR over
control protein pairs (18) (Fig. 3A).

The NLRs obtained for the RRS set are shown in Table I.
The theoretical root mean square deviation with a 97.5%
confidence interval obtained from Gaussian fits corresponded
to NLRs of 3.2, 2.2, and 2.6 for the PB2, PB1, and PA-Gluc1
viruses, respectively (Fig. 3B). The NLR cutoff for non-inter-
acting protein pairs was set accordingly at 4.0, a stringent
value reducing false positive background below 2.5%.

Comparison of the results obtained in two independent
experiments with the LCS and the exploratory set showed
strong reproducibility (Bartlett’s test for equal variances;
X°(1) = 31.5642, 25.9196, and 39.6757 for PB2-Gluc1, PB1-
Gluc1, and PA-Gluc1 screens, respectively; Prob > y* <
0.001; the mean NLRs are shown in Table I).

Within the LCS, 33 out of 58 proteins produced an NLR
=4.0 with at least one of the vP-Gluc1 viruses (Table I, and
Fig. 3C), for a recovery rate of 56.9%. The high recovery rate
among proteins identified by MS (80%, 12 out of 15 proteins)
or by other methods (77.8%, 7 out of 9 proteins) (Fig. 4B)
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TABLE |
Normalized luminescence ratios (NLRs)

Gene symbol Set® NLR? PB2  NLR® PB1 NLR? PA
BANP LC-Y2H 3.14 0.91 1.73
BLZF1 LC-Y2H 2.45 1.14 2.43
C100rf96 LC-Y2H 2.92 0.80 1.09
C14o0rf166 LC-Y2H 1.46 1.22 1.44
Clorfo4 LC-Y2H 2.00 0.96 1.55
CALCOCO1 LC-Y2H 4.22 1.37 1.93
CEP70 LC-Y2H 3.18 1.41 1.68
CMTM5 LC-Y2H 2.39 1.19 2.39
COoPB2 LC-MS 7.53 3.34 4.53
CRYAB LC-Y2H 1.92 0.67 1.35
DDX3X LC-MS 23.75 11.84 18.08
DDX5 LC-MS 31.36 13.22 17.02
DOCKs8 LC-Y2H 4.80 3.32 2.90
DvL2 LC-Y2H 4.90 1.24 1.70
DVL3 LC-Y2H 5.40 2.06 2.74
elF4E LC-OM 14.07 9.08 11.56
FXR2 LC-Y2H 5.83 1.82 2.07
GABPB1 LC-Y2H 1.61 0.40 0.69
hnRNPM LC-MS 26.68 10.75 14.73
HOOK1 LC-Y2H 7.93 3.46 6.33
HSP90AA1 LC-OM 3.40 1.76 3.79
IPO5 LC-MS 3.25 5.43 9.18
KCNRG LC-Y2H 3.07 1.56 2.53
KPNA1 LC-OM 35.28 40.34 35.09
KPNA2 LC-OM 17.39 9.59 14.59
KPNA3 LC-MS 156.04 54.96 49.61
KPNAG LC-OM 51.84 36.53 51.01
LBR LC-MS 5.79 2.1 3.10
LNX2 LC-Y2H 1.1 0.53 0.90
MAGEA11 LC-Y2H 66.46 2.81 4.63
MAGEA6 LC-Y2H 13.48 3.03 5.70
MVP LC-Y2H 0.64 0.41 0.63
MYO1C LC-MS 3.64 1.81 2.72
NPM1 LC-MS 4.96 1.98 3.51
NRF1 LC-Y2H 7.71 2.02 3.48
NUP50 LC-OM 92.25 30.53 36.85
NUP54 LC-Y2H 1.46 0.84 1.40
NUP93 LC-MS 1.75 0.92 1.47
PABPC1 LC-MS 21.27 18.08 18.88
PNMA1 LC-Y2H 22.37 1.85 2.36
POLR2A LC-OM 7.68 4.51 6.71
PTGES3 LC-MS 282.81 80.33 118.53
RAB11A LC-OM 11.18 11.40 13.52
RABGEF1 LC-Y2H 2.20 0.79 1.36
RAN LC-MS 7.65 8.07 5.64
RBPMS LC-Y2H 4.37 2.53 3.69
RUVBL2 LC-MS 4.69 2.57 3.14
SIAH1 LC-Y2H 1.12 0.68 0.75
TACC1 LC-Y2H 6.94 2.22 5.24
TCF12 LC-Y2H 3.19 0.82 1.83
TFCP2 LC-Y2H 3.94 1.26 2.06
TRAF1 LC-Y2H 4.19 2.86 3.75
TRAF2 LC-Y2H 0.75 0.17 0.25
TRIP6 LC-Y2H 2.53 0.99 1.22
UBE2I LC-Y2H 1.80 1.15 1.66
USHBP1 LC-Y2H 4.77 0.97 1.44
VISA LC-OM 0.13 0.03 0.07
XPO7 LC-MS 3.30 1.80 2.89
AAAS Exp-GT 2.97 1.76 2.06
AGFG1 Exp-GT 2.04 1.30 1.562
CALCOCO2 Exp-RNAi 2.06 0.59 0.80
CLIC4 Exp-RNAI 1.52 1.65 2.35

TABLE l—continued

Gene symbol Set? NLR? PB2  NLR®? PB1  NLR® PA
DDX19A Exp-GT 6.24 4.65 6.92
DDX19B Exp-GT 5.50 5.12 8.04
GLE1 Exp-GT 0.74 0.53 0.87
IPO4 Exp-GT 3.07 1.20 1.91
KPNA5 Exp-GT 34.05 27.06 26.40
NCKIPSD Exp-GT 1.61 1.01 1.10
NUP155 Exp-GT 1.64 0.83 0.92
NUP160 Exp-GT 2.48 1.47 1.80
NUP35 Exp-GT 2.71 1.29 1.82
NUP62 Exp-GT 6.60 1.26 1.66
NUP62CL Exp-GT 5.03 1.72 2.24
NUPLA Exp-GT 3.40 1.89 2.20
NUPL2 Exp-GT 0.42 0.26 0.27
NUTF2 Exp-GT 1.33 0.91 1.29
NXF1 Exp-RNAi 12.03 8.96 9.74
NXT1 Exp-GT 1.50 0.88 1.20
POM121 Exp-GT 0.37 0.26 0.31
RACGAP1 Exp-RNAi 1.40 0.93 1.20
RANGAP1 Exp-GT 4.07 2.13 3.13
RBM15B Exp-GT 11.14 7.92 10.86
SENP2 Exp-GT 3.82 2.01 2.50
SNUPN Exp-GT 1.96 1.53 1.86
ACSL4 RRS 0.09 0.09 0.08
ADAM21 RRS 0.42 0.34 0.36
AMIGO3 RRS 0.23 0.17 0.17
APOOL RRS 0.42 0.35 0.34
CACNG7 RRS 0.49 0.26 0.38
CD274 RRS 0.27 0.19 0.20
CNTN2 RRS 0.85 0.52 0.61
DBH RRS 0.85 0.40 0.44
DPYSL2 RRS 1.12 0.51 0.72
FBXO40 RRS 0.96 0.89 1.23
FFAR1 RRS 0.26 0.18 0.20
GABRB2 RRS 0.29 0.22 0.19
GSTA2 RRS 2.05 1.49 1.71
GSTT1 RRS 1.02 0.52 0.78
GYPA RRS 0.46 0.36 0.51
LRRC28 RRS 1.32 0.99 1.19
MDP1 RRS 0.92 0.56 0.53
MMP12 RRS 1.29 0.81 0.65
NCRNA00246B RRS 1.75 0.77 1.25
NFE2L1 RRS 0.53 0.16 0.29
NHEDC1 RRS 1.08 0.85 0.88
NXPH1 RRS 0.76 0.60 0.64
OR2B6 RRS 0.44 0.32 0.33
PLEKHA9 RRS 0.60 0.53 0.64
PLVAP RRS 0.58 0.34 0.53
PTPRE RRS 0.17 0.15 0.18
RHBDD2 RRS 0.28 0.18 0.27
SAA2 RRS 0.36 0.26 0.32
SEMA3C RRS 1.31 0.98 0.87
SLC7A13 RRS 0.81 0.41 0.41
SPINK1 RRS 0.66 0.59 0.74
TOP3B RRS 3.36 3.21 2.98
TRPTA RRS 2.45 2.20 2.75
UGT3A1 RRS 1.31 1.06 1.12
XKR6 RRS 0.28 0.25 0.22
ZNF131 RRS 1.64 1.38 1.67

@ LC, literature-curated; Y2H, yeast two-hybrid; MS, mass spec-
trometry; OM, other methods; Exp, experimental; GT, GO terms; RRS,
random reference set.

® Mean from two independent determinations.
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Fic. 3. Identification of cellular interactors of influenza virus polymerase via iPCA. A, schematic of the experiment. 293T cells seeded
in 96-well plates were transfected with an ordered set of 84 plasmids encoding human proteins fused to Gluc2 (Gluc2-human P), or with control
plasmids. At 18 h post-transfection, 293T cells were infected at a high multiplicity of infection (>1 pfu/cell) with an influenza virus
expressing a Gluc1-tagged polymerase (viral P-Gluc1) or with the wild-type control virus. At 6 h post-infection, cell lysates were prepared
and normalized luminescence ratios (NLRs) were determined by dividing the luminescence activity measured in cells co-expressing a
Gluc2-human P and a viral P-Gluc1 by the sum of the luminescence activities measured in the corresponding control samples. B, Gaussian
curves fitted on log(NLR) values of the random reference set (RRS) and the literature-curated set (LCS) with the PB2-Gluc1, PB1-Gluc1,
and PA-Gluc1 viruses. The positive threshold value of 4 is indicated. C, heat map of the NLRs. The 84 screened cellular proteins are
arranged by hierarchical clustering according to their NLRs. The 58 proteins that belong to the LCS and the 26 proteins that belong to the
exploratory set (Exp) are indicated. The color scale indicates the range of NLRs measured upon screening with PB2-Gluc1, PB1-Gluc1,
or PA-Gluc1 recombinant influenza virus.
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the number of newly identified interactors among the exploratory set. C, ClueGO visualization as a functionally grouped annotation network
with lines connecting polymerase subunits to gene ontology biological process attributes. Line width is proportional to the relative enrichment

of the biological processes evaluated by protein count.

underlines the sensitivity of our assay. The lower recovery rate
among proteins identified by means of yeast two-hybrid
screening is in agreement with the fact that some biophysical
interactions that can be forced in the context of yeast two-
hybrid cannot be recovered in the context of human cell
expression, and thus correspond to biological false positives
(85). The proportion of false negatives might be further re-
duced by reversing Gluc1 and Gluc2 fusion with respect to
viral and host proteins, which might modulate the background
signal, and by testing both N- and C-terminal fusions with
host proteins, as N-terminal fusions may disrupt protein-
protein interactions in some cases. Moreover, new edges
were identified within the LCS; that is, some of the proteins
that had been shown to interact with one of the viral polym-
erase subunits in pair-wise screens were found to interact
with another subunit as well (Fig. 4A, green edges connected

to blue nodes), most likely indicating an interaction with a
heterodimer or with the PB1-PB2-PA heterotrimer. Support-
ing the accuracy of this interpretation is the fact that the
importin 5 protein, known to interact with the PB1-PA dimer
but not with the PB2 protein (36), produced NLRs =4.0 with
the PB1- and PA-Gluc1 viruses but not with the PB2-Gluc1
virus (Table | and Fig. 4A).

Within the exploratory set, 8 out of 26 proteins produced an
NLR > 4.0 with at least one of the vP-Gluc1 viruses (Table |
and Fig. 3C) and were thus identified as novel interactors of
the viral polymerase (Fig. 4A, green nodes). These include the
DDX19A and DDX19B helicases, the karyopherin alpha 5
(KPNAS5), the NUP62 nucleoporin, and NUP62CL, a shorter
protein that shows 79% similarity with the C-terminal domain
of NUP62, Ran GTPase activating protein 1 (RANGAP1), pu-
tative RNA binding motif protein 15B (RBM15B), and nuclear
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RNA export factor 1 (NXF1). The NUP62, NUP62CL, and
RANGAP1 proteins interacted with PB2 only, whereas the five
other proteins interacted with all three polymerase subunits
(Fig. 4A). Karyopherin alpha 5 and Ran GTPase activating
protein 1, a regulator of the Ran GTP/GDP cycle, are involved
in the nuclear import pathway. NUP62 and DDX19B are com-
ponents of the nuclear pore complex and, along with NXF1
and its cofactor RBM15B, are involved in mRNA export from
the nucleus.

In order to extract functional information from our interac-
tomic dataset, we started by selecting the 41 host proteins
that were found to interact with influenza virus polymerase
subunits in infectious native conditions using the iPCA assay
(Fig. 4A, blue and green nodes). Based on this selection,
identified herein as “layer one,” we generated a second layer
of human proteins corresponding to their first neighbors in the
HIPPIE high-confidence score filtered network for human
PPIs (24) (see “Experimental Procedures” for scoring). To
capture biological information associated with the subnet-
work of the human interactome resulting from the merging of
both interactomic layers, we used ClueGO, a Cytoscape pl-
ugin that extracts and statistically analyzes GO annotations
(25) (see “Experimental Procedures” for details on the enrich-
ment analysis). The functionally grouped annotation network
obtained with ClueGO (Fig. 4C) showed enrichment for pro-
cesses related to mRNA and protein biosynthesis and metab-
olism, protein transport, and apoptosis, in agreement with the
fact that these processes can be hijacked or modulated by
influenza virus infection (3). In addition, this functional enrich-
ment analysis suggested the interaction of the polymerase
subunits with the chromatin compartment and with signal
transduction pathways, in agreement with recent studies (9,
37-39). Interestingly, some of the enriched processes were
connected with only two or one of the viral polymerase sub-
units (Fig. 4C), highlighting their specificities.

We performed siRNA-mediated knockdown on two novel
interactors of the viral polymerase identified via iPCA,
RANGAP1 and NUPG62, in order to investigate their role in
influenza virus replication. A549 cells treated with siRNAs
targeting RANGAP1 or NUP62 or with a non-targeting control
siRNA were infected with the A/WSN/33 influenza virus at an
MOI of 0.001 or with VSV at an MOI of 0.0001. CCT2 siRNA
was used as a positive control, as it has been shown to
reduce influenza virus growth in A549 cells (40). At 24 h
post-infection, supernatants were harvested and virus titers
were determined via plaque assays (Fig. 5). siRNA-mediated
knockdown of CCT2, RANGAP1, and NUP62 reduced the
expression of target mMRNAs by more than 80% as evaluated
by RT-gPCR and showed no toxicity (data not shown). Down-
regulation of CCT2 and RANGAP1 expression inhibited influ-
enza virus replication by 3.4- and 4.5-fold, respectively. In
NUPG62-silenced cells, a 22.3-fold reduction in influenza virus
titers was observed (Fig. 5). In contrast, CCT2, RANGAP1,
and NUP62 siRNAs did not affect VSV replication (data not
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Fic. 5. Influenza virus replication in siRNA-treated A549 cells.
A549 cells were transfected with siRNA targeting CCT2, RANGAP1,
or NUP62 or with non-target siRNA (NT). At 48 h post-transfection,
cells were infected with influenza A/WSN/33 virus at an MOI of 0.001.
Supernatants from infected cells were harvested at 24 h post-infec-
tion, and viral titers were determined via plaque assay on MDCK cells.
The data are expressed as the mean = S.D. of independent triplicate
repeats.

shown). These data clearly demonstrate that NUP62 and
RANGAP1 are involved in influenza virus replication.

DISCUSSION

Transcription and replication of the genome of influenza A
virus take place in the nuclei of the infected cells. In order to
gain access to the nucleus, the viral RNPs and the newly
synthetized polymerase subunits must interact with the host
nuclear import machinery (11, 41). Import of macromolecules
through the nuclear pore complex (NPC) is mediated by im-
port receptors such as importins or karyopherins that bind the
cargo, interact with nucleoporins, and facilitate translocation
through the NPC (42). Within the LCS, we confirmed the
interaction of one or several viral polymerase subunits with
importins IPO5 (importin 5, previously known as RANBPS5),
KPNA1 (importin alpha 5), KPNA2 (importin alpha 1), KPNA3
(importin alpha 4), and KPNA6 (importin alpha 7) and with the
nucleoporin NUP50, which has been proposed to prevent
nuclear PB2 from rebinding to importin alpha 5 (11, 34, 41).
Within the exploratory set, we identified KPNA5 (importin
alpha 6), RANGAP1, NUP62, and NUP62CL as additional
partners. KPNA5 shares more than 90% similarity with KPNA1
and KPNAG6, and human KPNAS5 expression seems to be
restricted to the testis (43). KPNA5 might be a species-spe-
cific importin, as mouse KPNA5 has not been identified,
whereas bovine KPNA5 was found to be expressed ubiqui-
tously (44). The relative importance of KPNAS5 and its potential
redundancy with KPNA1 and KPNAG are thus likely to differ
from species to species, in line with the fact that the differ-
ential use of importin alpha isoforms by influenza virus is a
determinant of host range (11, 45). Inside the nucleus, the
small GTPase Ran in a GTP-bound form binds to importins
and enables their dissociation from the cargo and their trans-
location to the cytoplasm. The cytoplasmic Ran GTPase ac-
tivating protein RANGAP1 stimulates the GTPase activity of
Ran, which results in the release of importins for another
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import cycle (42). An interaction between the viral polymerase
and RANGAP1 could thus modulate the recycling of importins
or other transport receptors. NUP62 is a nucleoporin located
at the core of the NPC, and NUP62CL is a shorter protein that
shows 79% similarity with the C-terminal domain of NUP62.
Our findings add influenza virus polymerase to the list of other
viral proteins known to interact with NUP62, such as HTLV
Tax, HSV ICP27, or EBV BGLF4 proteins (46-48). Several
viruses interfere with nucleocytoplasmic transport via the
degradation or disruption (or both) of nucleoporins. In partic-
ular, NUP62 is cleaved by enterovirus protease 2A, hyper-
phosphorylated by cardiovirus L protein, and displaced from
the NPC upon adenovirus or HIV-1 infection (49). Our gene
silencing experiments demonstrate that NUP62 is required for
efficient influenza virus replication. It remains to be explored
how NUP62 is involved in viral replication, whether the inter-
action between influenza virus polymerase and NUP62 en-
hances the transport of viral RNPs or viral mMRNAs across the
NPC, and whether it could alter the nucleocytoplasmic traf-
ficking of host factors or mRNAs.

NXF1, the major cellular transport receptor for the export of
cellular mRNAs, was identified in four independent RNAI
screens as an important host factor for influenza virus repli-
cation (3, 5-7, 9). Indeed, a subset of influenza virus MRNAs
is exported through the NXF1 pathway (50). However, the
mechanisms by which influenza virus mRNAs are exported to
the cytoplasm are unclear. The question of whether the viral
polymerase is associated with any or a subset of viral mMRNAs
remains controversial (51-53). Here we have clearly demon-
strated an association of influenza virus polymerase with
NXF1 and with the NXF1-cofactor RMB15B (54). Moreover,
we have shown that influenza virus polymerase interacts with
DDX19B (and DDX19A, which shows 98% similarity with
DDX19B), a DEAD-box helicase that localizes to the cytoplas-
mic side of the NPC by binding to NUP214 and which plays an
essential role in MRNA export by remodeling mRNP com-
plexes during their passage through the NPC (55). The inter-
action of the viral polymerase with these mRNA export factors
is likely to modulate the export of cellular and/or viral MRNAs.
Taken together, our findings should contribute to a better
understanding of the molecular mechanisms by which influ-
enza viruses exploit the host nucleocytoplasmic trafficking
pathways for their replication.

We report the first application of luciferase complementa-
tion to proteins expressed in the context of an infectious
pathogen. Our iPCA assay allows the detection of binary
protein—protein interactions in infectious, native conditions.
We illustrate how this assay can be combined with an anno-
tated human protein—protein interaction network to generate a
high-confidence function-specific subnetwork used by the
influenza virus. The fact that it covers the pathogen’s entire
life cycle represents a clear advantage over the yeast two-
hybrid screen. This feature is also very useful for the devel-
opment of high-throughput screens for chemical antivirals or

genome-wide siRNAs. The iPCA assay can readily be handled
inside high-security laboratories. As a consequence, it applies
to highly pathogenic microorganisms, unlike mass spectrome-
try, which does not apply to infectious cell lysates that cannot
be handled experimentally outside high-security laboratories. It
showed excellent sensitivity and accuracy when applied to in-
fluenza virus against random, literature-curated, and explora-
tory sets of human proteins, as were able to confirm most of the
already documented influenza polymerase—host interactions
and to identify novel interactions. These observations suggest
that fusion to the small-sized GLuc1 or GLuc2 fragment is
overall well tolerated and preserves protein—protein interac-
tions. The iPCA assay or adaptations of it should prove
useful in elucidating many aspects of influenza virus biol-
ogy. With more infectious reverse genetics systems becom-
ing available, this strategy should be widely applicable to
other viral and non-viral pathogens.
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