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Host regulators of the influenza virus 
replication machinery



Influenza viruses

• Orthomyxoviridae: Influenzas A, B, C, D

• Surface HA and NA define influenza 
subtypes (18 HA, 11 NA)

• Negative-sense ssRNA genome

- 8 segments, ≥ 14 proteins

- Packaged into ribonucleoprotein 
complexes (RNPs)



The influenza virus replication cycle
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Flu Map
http://www.influenza-x.org/flumap/

Matsuoka et al. (2013)

The influenza virus replication cycle

Virus-host interactions determine replication efficiency, transmission, disease 



Genome-wide screens to identify host factors

Y2H
Shapira (2009)
Tafforeau (2011)
Fournier (2014)

IP/Pulldown + MS 
Mayer (2007)
Jorba (2008)
Shaw (2008)
Bradel-Tretheway (2011)
Kawaguchi (2012)
York (2014)
Watanabe (2014)
Heaton (2016)

Protein 
Complementation
Munier (2013)

Others…

Proteomics

~20,000 human genes
Hao (2008) 
Brass (2009) 
Karlas (2010) 
König (2010)
Ward (2012)
Tran AT (2013)
Su (2013)

Carette (2009)

Functional Genomics

Sui (2009)

>2,900 implicated
little overlap

biased towards entry

100’s validated

<< Defined mechanism

RNAi

Haploid Selection

Random Homozygous 
Gene Perturbation

Meta-Omics
Tripathi (2015)
Tisoncik-Go (2016)





Overview of host regulators of the influenza virus replication machinery

Post-translational control of NP and the polymerase

Repurposing canonical antiviral responses to promote viral gene expression

Polymerase co-factors and host-range restriction



The influenza polymerase

PB1:
5’ + 3’ RNA binding
polymerase activity

PB2: 
binding of 7mG cap on mRNA

PA:
endonucleolytic 

cleavage 



The influenza RNP

Nucleoprotein
(Oligomeric)

Nucleoprotein 
Monomer



Regulated RNP assembly

Transcription Replication

free Pol

monomeric NP

vRNP

mRNA

cRNP

(cap snatching)

vRNP

host mRNA

7mG



Getting into nucleus: ubiquitin, Itch and HDAC6 facilitate 
uncoating

Chesarino, 2015 PLoS Path; Su, 2013 PNAS; Banerjee 2014 Science; image from Rudanick and Yamauchi 2016 Viruses. 

Itch (E3)

Nedd4 (E3)

Nedd4 – E3 Ub ligase
targets IFITM3
enables release from endosome

Itch – E3 Ub ligase
recruited inside endosome during ix
helps release virion from endosome
targets M1

HDAC6 – histone deacetylase, also in cytoplasm
deacetylates tubulin
key for aggresome formation
binds free/unanchored Ub
directs bound complex to aggresome
promotes virion disassembly



Getting into nucleus: ubiquitin, Itch and HDAC6 facilitate 
uncoating

Itch (E3)

Chesarino, 2015 PLoS Path; Su, 2013 PNAS; Banerjee 2014 Science; image from Rudanick and Yamauchi 2016 Viruses. 



Getting into nucleus: importance of importins

Eisfeld, et al. 2014 Nature Reviews Micro

Nuclear pore complex (NPC) is gatekeeper
proteins <40kDa can passively enter
larger proteins need importins

IMPa – adaptor, recognized NLS
IMPb – transport receptor

Cargo:IMPa:IMPb transit NPC

RAN dissociates and exports IMPb
CSE1L dissociate IMPa from cargo



Getting into nucleus: importance of importins

Eisfeld, et al. 2014 Nature Reviews Micro

PB2, PB1 and NP have well defined 
NLS

NP:IMPa1- IMPb1 or NP:IMPa5-
IMPb1 thought to drive RNP to nucleus



Getting into nucleus: 8-segmented ride sharing?

PB2, PB1 and NP have well defined 
NLS

NP:IMPa1- IMPb1 or NP:IMPa5-
IMPb1 thought to drive RNP to nucleus

smFISH suggests incoming RNPs 
remain associated during import, and 
dissociate only after nuclear import 
(Chou, et al. 2013).

vRNPs replicate as distinct spots in 
nucleus

in <60m, vRNPs have entered the 
nucleus, dispersed and begun 
transcribing and replicating

1/3-1/2 of virions fail to exit endosome

Figure 3. Colocalization of PB2 and NA vRNAs during the first hour of infection. MDCK cells were incubated in medium containing DMSO,
20 mM ammonium chloride (NH4Cl), 100 mM importazole (IPZ) or 40 ng/ml leptomycin B (LMB) during PR8 virus infection at MOI = 100. Two-color
FISH was performed at 20 min, 40 min and 60 min post infection with Cy5 probes targeting the PB2 vRNA and Cy3 probes targeting the NA vRNAs.
(A) For each experimental condition, four Maximum Intensity Projections of the 3D fluorescent images are shown. The upper left image shows the
merged image of the Cy5, Cy3 and DAPI channels. DAPI staining (blue) stains the nucleus of the cell. The enlarged images of the square area are
shown on the upper right (NA, red spots), the lower left (PB2, green spots) and the lower right (merged image of the Cy3 and Cy5 signals with DAPI).
Scale bar = 5 mm. (B) Colocalization efficiency of PB2 and NA in the nuclei of PR8 virus infected MDCK cells treated with different drugs at 20 min,
40 min and 60 min post infection. (C) Colocalization efficiency of PB2 and NA in the cytoplasm of PR8 virus infected MDCK cells treated with different

smFISH Analysis on Influenza vRNAs

PLOS Pathogens | www.plospathogens.org 8 May 2013 | Volume 9 | Issue 5 | e1003358

20m post-infection

stained vRNA

Chou, et al. 2013 PLoS Pth



Conformational control of polymerase function

Te Velthuis & Fodor 2016 
doi:10.1038/nrmicro.2016.87

PB2

PA
PB1



Conformational control of polymerase function

te Velthuis & Fodor 2016 doi:10.1038/nrmicro.2016.87
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Conformational control of polymerase function
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Conformational control of polymerase function

te Velthuis & Fodor 2016 doi:10.1038/nrmicro.2016.87
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Cap-snatching co-factors

DNA-dependent DNA polymerase II (pol II) performs transcription of host genes

Influenza polymerase binds host pol II via pol II C-terminal domain (CTD), which 
encodes up to 52 repeats of YS2PTS5PS.

pS5 indicative of initiating pol II. 
pS2 indicative of elongating pol II. 

Influenza pol steals caps from diverse
host transcripts, including snRNA, 
snoRNA, short promoter-associated
transcripts (rarely pre-mRNA or mRNA)

Host pol II degraded during infection

Flu pol also binds pol II modulators, 
e.g. hCLE

PA specifically binds pS5-CTD

Lurkaska 2016 Nature



Nuclear import and assembly of polymerase and NP

PB2 and NP– Which IMPa is used? 
Redundant?

RanBP5 (IMPb3) – non-classical import 
factor, directly engages NPC 

PB1 and PA both have NLS, but import is 
inefficient. Imported by RanBP5 as dimer.

RanBP5 binds PB1:PA, but not trimer à
prevent premature polymerase formation?

Chaperones:
CCT complex binds PB2 in cytoplasm – aids folding?
Hsp90 binds PB2 – relocalized to nucleus – assembles PB2 onto pre-formed PB1:PA
Others – Hsp90 co-chaperone p23, Hsp60, Hsp70 implicated, but not defined
IMPa – suggest role post-import to stabilize assembly intermediates

7354 E.C. Hutchinson, E. Fodor / Vaccine 30 (2012) 7353– 7358

newly synthesised RNA into RNPs within the nucleus, influenza
viruses may  at least partially mask a molecular pattern capable of
triggering an antiviral response [22].

Replicating in the nucleus therefore provides influenza A virus
with a wide range of potential benefits, including access to host
splicing machinery, efficient cap-snatching, and increased oppor-
tunities for host shut-off and evasion of antiviral responses. Entry to
the nucleus is, however, a tightly gated process, and the viral tran-
scriptional machinery must interact with a range of cellular factors
in order to bring this about.

1.2. Control of nuclear import

The nucleus of a cell is enclosed by a double membrane.
Spanning this barrier are channels formed by nuclear pore com-
plexes (NPCs), large macromolecular structures that permit traffic
between the cytoplasm and the nucleoplasm [23]. While small
molecules can pass through NPCs by passive diffusion, struc-
tures larger than approximately 9 nm [24] or 20–30 kDa [23] can
only be translocated across the NPC by forming specific interac-
tions with transport receptors, notably members of the importin-!
(karyopherin-!)  superfamily, which shuttle between the nucleo-
plasmic and the cytoplasmic sides of the nuclear membrane. Most
of these transport receptors bind cargo directly, although importin
! (karyopherin-!1) uses isoforms of the importin-" to mediate
binding to specific cargoes [23,25]. Directionality of transport is
maintained through association with the small protein Ran, which
binds to GTP in the nucleus (due to the nuclear localisation of
the Ran guanosine exchange factor, RanGEF, also known as reg-
ulator of chromosome condensation 1, RCC1) and hydrolyses it to
GDP in the cytoplasm (facilitated by the cytoplasmic Ran GTPase
activating protein, RanGAP). Importins bind specific cargo in the
cytoplasm, and release it on binding RanGTP in the nucleus. Con-
versely, exportins bind cargo along with RanGTP in the nucleus, and
release them when Ran hydrolyses GTP to GDP in the cytoplasm.

Nuclear transport receptors interact with specific cargo proteins
by binding to short motifs – nuclear localisation signals (NLSs)
or nuclear export signals (NESs). NLSs typically consist of basic
residues, forming either a single cluster or a bipartite motif in
which two basic regions are separated by a short linker. In ‘classical’
nuclear import the NLS binds to an isoform of importin ", which
binds in turn to importin !1, whereas in ‘non classical’ nuclear
import the NLS of the cargo binds directly to an importin-!  fam-
ily member. While classical NLSs typically conform to a consensus
sequence, importin-!  binding cargoes are much more diverse and
the requirements for a functional NLS often remain unclear [25,26].

2. Routes of import of the viral polymerase

The nuclear import of an influenza A virus RNP and its protein
subunits is summarised in Fig. 1, and known nuclear localisation
signals are listed in Table 1. A more detailed description of these
binding sites and routes of import is given below.

2.1. Nuclear import of RNPs

Influenza A virus infects cells via the endosome, where the
reduction in pH that precedes endosomal–lysosomal fusion causes
a conformation rearrangement in the viral haemagglutinin (HA),
leading to membrane fusion and the expulsion of RNPs into the
cytoplasm [27]. The decreasing pH is also transmitted through the
viral ion channel M2  to the interior of the virus, where it causes
M1 to dissociate from the RNPs [28]. Prior to this, bound M1  pre-
vented RNPs from being imported back into the nucleus of the cell
in which they were synthesised [29,30]. Disassociation of M1  dur-
ing infection exposes NLSs on the RNP, allowing the complex to be

Fig. 1. Pathways of nuclear import of the influenza A virus transcriptional machin-
ery. Model showing nuclear import of an RNP from an infecting virus, and of newly
synthesised polymerase subunits and NP. The nuclear import factors shown have
been identified by functional studies or by their ability to interact with viral proteins.

translocated across the nuclear membrane. It has been shown that
viral RNA can be imported via the classical import pathway using
importins "1 and "5 in the presence of NP [31], and that RNPs can
utilise NLSs on NP for nuclear import, in particular its N-terminal
NLS (see below) [32–34].  Whether NLSs on the polymerase subunits
also contribute to the import of RNPs remains to be determined.

2.2. Import of newly synthesised polymerase subunits

Upon entering the nucleus, the RNPs from the infecting virus
begin a primary round of transcription, producing mRNA from
which viral proteins are translated. Replication of the viral genome
requires encapsidation of nascent viral RNA into RNPs, and so newly
synthesised RNP subunits must be imported from the cytoplasm
into the nucleus.

Table 1
Nuclear localisation signals identified in ribonucleoprotein subunits. For details see
text.

Protein Nuclear localisation signals

PB2 449–495 Required for efficient import [35]
738-KRx12KRIR-755 Bipartite NLS [35,36]

PB1 187-RKRRx16KRKQR-211 Bipartite NLS [44]

PA  124-RRx8KANKIK-139 Bipartite NLS [47]
E154 Required for efficient import [47]
186–247 Uncharacterised NLS [47]

NP  1-MASQGTKRSYxxM-13 Unconventional N-terminal NLS [34,57–59]
198-KRx13RKTR-216 Bipartite NLS [34,55,56,60]
320–400 Putative uncharacterised NLS [58,59]
336–245 Nuclear accumulation signal [62]

Hutchinson & Fodor 2012 Vaccine



Factors directing vRNA à cRNA synthesis

cRNP

vRNP
free Pol – becomes part of RNP

NP - encapsidates cRNA

MCM2-7 – DNA helicase, binds PA. Enhances processivity.

viral in black, host in blue

RAF-2p48 – recruits NP

NEP – biases vRNP towards cRNA synthesis



Factors directing cRNA à vRNA synthesis

vRNP

cRNP
trans activating Pol – stimulates RNP activity, catalytic?

svRNA – abortive vRNAs, bind to PA to promote elongation

viral in black, host in blue

ANP32A/B – bind trimeric Pol, full-length cRNA

NP - encapsidates vRNA

TAT-SF1 – splicing factor, chaperones NP
FMRP – RNA binding protein, chaperones NP



Genome replication and RNP assembly

Many large questions remain: 

What is the role of trans polymerase? 

What drives conformational changes in the polymerase? 

Are there polymerases dedicated to just m-, c- or vRNA synthesis?

Why doesn’t recombindation/copy-choice occur?

How is NP loaded, and where?



vRNP export

Eisfeld 2014

The “daisy chain” model
M1 binds to NP in RNP
NEP binds to M1
Crm1/RanGTP binds NEP 

(NEPhas 2 NES)
export via NPC

Crm1 is an importin b
relies on RanGTP

Rcc1, a GEF for Crm1
tethered to chromatin

RNPs also co-localize to chromatin

vRNP are not re-imported
bound M1 blocks RNP NLS

Timing of export thought to be dictated
by slow accumulation of NEP – inefficent splicing
as a built in “molecular timer” (Chua, 2013)



Viruses 2013, 5 2429 
 

 

Figure 2. Transport of an RNP from synthesis to packaging. Schematic showing the 
synthesis and transport of an RNP within an infected cell. Viral proteins are translated in 
the cytoplasm and imported into the nucleus (bottom left). Here, some encapsidate 
replicating viral RNA, forming RNPs, and others bind to these newly formed RNPs. 
Assembled RNPs are exported from the nucleus and attach to recycling endosomes (RE) at 
the nuclear periphery. On REs they associate to form complexes and are transported away 
from the microtubule organising centre (MTOC) to the cell surface (top). At the cell 
surface, complexes of RNPs are packaged with other viral proteins into virions, which can 
be spherical or filamentous in morphology. See text for further details. 

 

vRNP trafficking

vRNPs are 2.5-6 MDa in size 
- virally induced apoptosis activates
caspase which cleave Nup153 in NPC

- cleaved Nup153 has larger export capacity

YB-1 (Y-box binding protein 1) aids export
- binds RNP during export
- helps direct RNP to microtubules 
and MTOC once in cytoplasm

exported vRNPs associate with Rab11-
positive recycling endosomes

RNPs/RE trafficked to apical plasma 
membrane vis microtubules

Hutchinson & Fodor 2013 Viruses

Rab11
YB-1



How can you study polymerase, NP or RNP movement in real 
time during infection? A reporter virus.

Benefits:
• Real-time,	longitudinal,	quantitative	measure	of	replication
• Non-invasive	and	serial	assessment	of	viral	load,	tissue	tropism,	transmission

Challenges:
• Segmented	genome
• All	of	the	viral	genes	are	

critical	in	vivo	
• Complex	genome	architecture

• Does	not	tolerate	large	
insertions

• Insertions	attenuate	replication

Packaging	sequence

Conserved	poly-U	tract	
(mRNA	poly-adenylation)

Partially	complementary	sequence		(dsRNA
promoter,	RdRP binding)

Packaging	sequence

Bundling	signal

Bundling	signal

PA-X

+1

5’vRNA
segment PA UTRUTR3’	

Second	ORF	(Frameshift)



Influenza reporter viruses

PA (native)

Packaging	sequence

reporter

Codon	Swap				

50	nt “Repeat”

PA-reporter

Tran,	et	al.;	Lakdawala,	et	al.

Avilov,	et	al.	– PB2

• Fusion	to	very	small	GFP11	to	C-term	of	polymerase	subunit
• GFP11	is	a	single	beta	sheet	taken	from	GFP.	Not	fluorescent	on	its	own
• PB2-GFP11	reconstitutes	GFP	in	cells	expressing	GFP	1-10

• Fusion	to	C-term	of	polymerase	subunit
• Restoration	of	packaging	signals	by	repeating	50	nt of	PA	ORF
• Codon	swap	increases	stability



Detecting co-infection with PA-fusion viruses

Tran et al. (2015)

Virus:											GFP RFP GFP+RFP



Tracking RNP export with PB2-GFP11 and NP-mCherry

Avilov et	al.	2016	https://doi.org/10.1371/journal.pone.0149986

PB
2

NP

3.5	hpi 6.5	hpi 8	hpi 11	hpi



Tracking RNP export with PB2-GFP11 and NP-RFP

Avilov et al. 2016 https://doi.org/10.1371/journal.pone.0149986

Vero cells

PB2 NPMerge



Tracking export with PA-GFP suggests RNPs bundle in 
cytoplasm

Lakdawala, 
et al. PLoS
Path 2014

MDCK cells

distinct vRNPs assemble in cytoplasm



Figure 5. Rab11 is involved in the colocalization of PB2 and NA vRNAs. (A–C) A549 cells are infected with PR8 virus at MOI = 5 and were
fixed at 6, 8 and 10 hpi. Immunofluorescence staining was performed using anti-Rab11 antibody followed by two-color smFISH using Cy5-labeled PB2
probes and Cy3-labeled NA probes. (A) Merged fluorescent images of cells at 6, 8 and 10 hpi are shown on the upper left corners (Maximum Intensity
Projection). For each panel, the boxed region is enlarged and shown on the upper right corner. The enlarged images of the PB2 vRNAs (green), NA
vRNAs (red), and Rab11 (blue) are shown at the bottom, and the merged image of the PB2 and NA vRNA signals is shown on the middle right. Scale
bar = 5 mm. (B) Colocalization efficiency of the PB2 and NA vRNA in the cytoplasm at 6, 8 and 10 hpi. The colocalized vRNAs that colocalize with
Rab11 are represented in dark gray while the colocalized vRNAs that are not associated with Rab11 are shown in light gray. The percentages of
colocalized vRNAs associated with Rab11 are 31.3% at 6hpi, 44.9% at 8hpi, 38.8% at 10hpi and 24% for random control. Error bars represent standard
deviation. (C) Colocalization efficiency of PB2 and NA vRNAs associated with and not associated with Rab11 in cells at 6, 8 and 10 hpi. The random
control represents the colocalization efficiency of PB2 and NA vRNA when the vRNAs were randomly classified into Rab11-associated and Rab11-non-
associated groups. Error bars denote standard deviations. ***: t-test p value,0.001, **: t-test p-value,0.01 and *: t-test p value,0.05. (D&E) A549
cells were transfected with 1 mg of GFP-rab11-WT or GFP-rab11-DN and infected with PR8 virus at MOI = 5 at 24 hour post transfection. Two-color
smFISH using Cy5 probes targeting the PB2 vRNAs and Cy3 probes targeting the NA vRNAs were performed at 8 hpi. (D) Images are shown for cells
transfected with WT-Rab11 or DN-Rab11 (Maximum Intensity Projections). Magnified images of the boxed areas are shown: the separate images

smFISH Analysis on Influenza vRNAs

PLOS Pathogens | www.plospathogens.org 12 May 2013 | Volume 9 | Issue 5 | e1003358

vRNPs form “super assemblies” of different genome 
segments on Rab11 vesicles in cytoplasm

Chou 2013, Lakdawala, 
2014

vPB2 vNA Rab11

containing 1 or 2 vRNA segments (Figure 2C). Interestingly, we
observed an increase in the proportion of foci containing four
vRNA as the distance from the nucleus increased to 0.5 mm
(Figure 2C). Based on the axial view of the cell in Figure 2A, the
top of nucleus is very close to the apical cellular membrane, as
defined by FISH staining. There may be a bias at 0.5 mm from the
nucleus for foci that are at the plasma membrane being
incorporated into progeny virions preparing to bud. The
predominance of foci containing all four labeled vRNA segments
close to the apical surface of the cell is consistent with the notion
that vRNA assembly is selective and that there is a mechanism to
ensure packaging of all 8 vRNA segments. However, since the
distance from the nucleus to the cellular membrane is not uniform
in all directions, we observed many foci located at distances
greater than 0.5 mm from the nucleus that did not contain all 4 of
the labeled vRNA segments (Figure 2C).

Colocalization of vRNA segments
In vitro studies have shown that vRNA segments associate with

each other [13,15,16], suggesting that selective packaging of
vRNA segments is mediated via vRNA-vRNA interactions. A
proposed mechanism for assembly includes the formation of a
single linear interaction network between vRNA segments for
packaging [5]. We multiplexed FISH probes (Table S1) to

compare each vRNA segment to each other in an attempt to
identify a linear interaction network between vRNA segments, and
calculated the Pearson correlation coefficient between each vRNA
segment in the cytoplasm (Figure 3). The Pearson correlation
coefficient has been used extensively for estimating the colocaliza-
tion between two channels [25] as it suggests the degree of
colocalization: values of 0.5–1 are considered high, 0.3–0.5
moderate, and 0–0.3 low. As a positive control, we probed the
same segment with two FISH probes conjugated to different
fluorophores. The Pearson coefficient for the positive controls was
in the high range, with the exception of the NS gene segment
(Figure 3). In general we observed colocalization coefficient values
between vRNA segments in the high to moderate range, making it
difficult to ascribe a linear order of assembly between vRNA
segments. Interestingly, we observed a low correlation of ,0.2
between PB2 and HA vRNA segments (Figure 3). This observation
is of particular interest since these two gene segments encode the
most well characterized virulence motifs of influenza viruses [26–
29].

Generation of WSN PA-GFP virus
The four-color FISH studies suggest that vRNA segments are

exported from the nucleus as subcomplexes that assemble en route
to the plasma membrane. In order to investigate this further, we

Figure 1. Visualization of four distinct influenza viral gene segments within a single cell. MDCK cells were infected with wild type (WT)
WSN at a multiplicity of infection (MOI) of 3 for 8 hours post infection (hpi) and then imaged with FISH probes directed against four distinct vRNA
species. The first row displays a cell probed for influenza vRNA segments PB2, PB1, PA, and NP. Row 3 contains images of a cell probed for the other 4
influenza vRNA segments: HA, NA, M and NS. The second and fourth row of images show an enlargement of the area defined by the dashed boxes in
the first and third rows. Solid white arrowheads identify a cytoplasmic focus with all four distinct vRNA segments, turquoise arrowheads indicate a
focus with only three vRNA species, and open arrowheads show a focus with only two vRNA species. All scale bars are 10 mm. DAPI marks the cellular
nucleus.
doi:10.1371/journal.ppat.1003971.g001

Dynamics of Influenza A Virus Assembly

PLOS Pathogens | www.plospathogens.org 3 March 2014 | Volume 10 | Issue 3 | e1003971

Unknowns:
• how and where do vRNPs interact? bundling signals?
• how do virions get 8 distinct vRNPS?
• where does reassortment occur?
• when can reassortment occur? As long as infections

occur within ~3hr of each other (Dou 2017 Cell Reports)
• how do RNPs go from RE to plasma membrane?
• do RNPs initiate budding?

co-localization	
of	export	RNPs



The influenza virus replication cycle



Can cellular co-factors control influenza virus species tropism?



Cross-species transmission of influenza



Two predominant blocks to cross-species transmission

HA

avian	polymerases	function	poorly	in	humans



Primate	cells Avian	cells

PB2 aa627 regulates polymerase activity in human cells

restricted polymerases fail to assembly RNPs

Subbarao 1993
Mehle 2008
Labadie 2007
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Heterokaryon Assay



Avian cells do not contain a compensatory factor

Mehle & Doudna 2008



A dominant inhibitory activity restricts PB2 in human cells



A model for restriction of PB2 K627E
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Influenza Virus Adaptation PB2-627K Modulates
Nucleocapsid Inhibition by the Pathogen Sensor RIG-I
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d Human-adaptive mutation PB2-627K in the viral polymerase
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d RIG-I directly inhibits incoming nucleocapsids with the avian
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d Strength of polymerase binding to nucleocapsids determines

RIG-I sensitivity
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In Brief
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Weber, et al. 2015 Cell H&M

RIG-I – cytosolic sensor, recognizes 5’ ppp on RNA, initiates antiviral signaling
– absent from chickens

RIG-I senses
incoming RNPs

RIG-I preferentially
attacks and dissociates
PB2 E627

Species-specific restriction of PB2 by RIG-I



ANP32A, a species-specific co-factor

• The Barclay lab reached the opposite conclusion, that PB2 E627 was missing 
an important co-factor in human cells



ANP32A, a species-specific co-factor

ANP32A
- N-terminal leucine-rich repeats, highly acidic low-complexity C-terminus, 
- transcriptional control, cell death, mRNAtrafficking, and suppressing PP2A

Previously identified, along with ANP32B, as co-factor during vRNA synthesis



ANP32A, a species-specific co-factor
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LETTER RESEARCH

short hairpin RNA (Fig. 3a and Extended Data Fig. 6) and short inter-
fering RNA (Fig. 3b) targeting chANP32A decreased activity of avian 
virus polymerase (PB2 627E). Knockdown of ANP32A in DF-1 cells 
also decreased the yield of infectious avian-like influenza virus (Fig. 3c).

We next investigated whether the human homologues of ANP32A 
or B support activity of influenza polymerase in human cells. Human 
ANP32A and B were previously listed in the human influenza A virus 
interactome21, and depletion of huANP32A and/or huANP32B from 
human cells decreased polymerase activity and replication of human 
influenza virus22,23. We used sh or siRNA to target huANP32A and B in 
human cells. Human-adapted viral polymerase (50–92 PB2 627K) activ-
ity was reduced when levels of either ANP32A or B were decreased, and 
further reduced in cells from which both proteins were depleted, sug-
gesting a dependence on both family members (Fig. 3d and Extended 
Data Fig. 7). Yields of influenza virus A/England/691/2010, a seasonal 
H3N2 human virus, were decreased in cells depleted of ANP32A  
and/or ANP32B (Fig. 3e). We note with interest that both depletion 
and overexpression of human ANP32A or B were deleterious for poly-
merase activity and virus yields in human cells (Fig. 2), which suggests 
that influenza virus relies on balanced expression of ANP32 proteins.

Sequence alignment of avian and mammalian ANP32A revealed 
that avian (except ratite) ANP32A harbours an additional 33 amino 

Figure 3 | Knockdown of ANP32 reveals avian influenza polymerase 
dependence on chANP32A and dependence on huANP32A and B in 
human cells by human-adapted influenza polymerase. a, DF-1 cells 
transduced with vesicular stomatitis virus (VSV)-G lentiviral vectors 
delivering transgenes expressing puromycin and shRNA targeting 
chANP32A or negative. Puromycin-selected cells were transfected with 
pCOM1-firefly minigenome reporter, avian 50-92 polymerase (627E) and 
Renilla expression control. b, siRNA (100 nM) applied to DF-1 chANP32A 
shRNA cells. After 48 h, cells transfected with avian 50-92 polymerase 
(627E), minigenome reporter and Renilla expression control. Luciferase 
activity measured 20 h later. Knockdown in chicken DF-1 cells verified by 
immunoblotting using antibody against vinculin and chANP32A. c, DF-1 
cells depleted of chANP32A by siRNA infected with avian-like influenza 
virus (PR8 virus bearing H5N1 Ty05 polymerase genes with PB2 627E, 
MOI 0.01). 24 h later cell supernatants were titrated for infectious virus 
by plaque assay on MDCK cells. d, 293T cells transduced with lentiviral 
vectors delivering transgenes expressing puromycin and shRNA targeting 
huANP32A, huANP32B, both huANP32A and B, or negative. Puromycin-
selected cells were transfected with pHOM1-firefly minigenome reporter, 
human-adapted avian 50-92 polymerase (627K) and Renilla expression 
control. Luciferase activity measured after 20 h. Knockdown in 293T 
cells was verified by immunoblotting using antibody against vinculin, 
huANP32A and huANP32B. (a, b, d, Data are firefly activity normalized 
to Renilla, plotted as per cent of negative or ALLStars; n =  3 biological 
replicates; error as s.e.m.; one-way ANOVA comparisons to ALLStars or 
negative; NS=  not significant, * * P <  0.01, * * * P <  0.001, * * * * P <  0.0001). 
e, Puromycin-selected A549 cells expressing shRNA against huANP32 A 
and/or B were infected with human (H3N2) virus A/England/691/2010 
(MOI 0.1). After 24 h, cell supernatants were titrated by plaque assay on 
MDCK cells. (c, e, Data are % p.f.u. relative to ALLStars or negative; n =  3 
biological replicates; error as s.e.m.; one-way ANOVA, comparisons to 
ALLStars or negative; * * * P <  0.001, * * * * P <  0.0001; pattern of results 
consistent in at least three independent experiments.).
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Figure 4 | Activity of avian influenza virus polymerase is dependent 
on a unique amino acid sequence present on avian ANP32A proteins. 
a, chANP32A protein schematic with 33 amino acid insertion relative to 
human homologue. b, huANP32A schematic representative of ANP32A 
from mammals, ostrich and of ANP32B. c, 293T cells transfected with 
Flag-tagged ANP32 and after 20 h transfected with pHOM1-firefly 
minigenome reporter, avian 50-92 polymerase (627E) and Renilla 
expression control. Luciferase activity measured 24 h later. (Data are PB2 
627E polymerase activity normalized to Renilla; n =  3 biological replicates; 
error plotted as s.e.m. of the ratio; one-way ANOVA, comparisons to 
empty vector; NS=  not significant, * * * * P <  0.0001; pattern of results 
consistent in at least three independent experiments.) ty, turkey; dk, duck; 
zf, zebra finch; os, ostrich; mu, mouse; pg, pig. d, Immunoblot analysis of 
Flag-tagged ANP32A constructs using antibody against Flag peptide and 
vinculin.
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Avian

Human

avian insert (exon duplication)
arises multiple times in birds

How does ANP32A rescue function? 
Is this related to its other activities?

7  J A N U A R Y  2 0 1 6  |  V O L  5 2 9  |  N A T U R E  |  1 0 3

LETTER RESEARCH

short hairpin RNA (Fig. 3a and Extended Data Fig. 6) and short inter-
fering RNA (Fig. 3b) targeting chANP32A decreased activity of avian 
virus polymerase (PB2 627E). Knockdown of ANP32A in DF-1 cells 
also decreased the yield of infectious avian-like influenza virus (Fig. 3c).

We next investigated whether the human homologues of ANP32A 
or B support activity of influenza polymerase in human cells. Human 
ANP32A and B were previously listed in the human influenza A virus 
interactome21, and depletion of huANP32A and/or huANP32B from 
human cells decreased polymerase activity and replication of human 
influenza virus22,23. We used sh or siRNA to target huANP32A and B in 
human cells. Human-adapted viral polymerase (50–92 PB2 627K) activ-
ity was reduced when levels of either ANP32A or B were decreased, and 
further reduced in cells from which both proteins were depleted, sug-
gesting a dependence on both family members (Fig. 3d and Extended 
Data Fig. 7). Yields of influenza virus A/England/691/2010, a seasonal 
H3N2 human virus, were decreased in cells depleted of ANP32A  
and/or ANP32B (Fig. 3e). We note with interest that both depletion 
and overexpression of human ANP32A or B were deleterious for poly-
merase activity and virus yields in human cells (Fig. 2), which suggests 
that influenza virus relies on balanced expression of ANP32 proteins.

Sequence alignment of avian and mammalian ANP32A revealed 
that avian (except ratite) ANP32A harbours an additional 33 amino 

Figure 3 | Knockdown of ANP32 reveals avian influenza polymerase 
dependence on chANP32A and dependence on huANP32A and B in 
human cells by human-adapted influenza polymerase. a, DF-1 cells 
transduced with vesicular stomatitis virus (VSV)-G lentiviral vectors 
delivering transgenes expressing puromycin and shRNA targeting 
chANP32A or negative. Puromycin-selected cells were transfected with 
pCOM1-firefly minigenome reporter, avian 50-92 polymerase (627E) and 
Renilla expression control. b, siRNA (100 nM) applied to DF-1 chANP32A 
shRNA cells. After 48 h, cells transfected with avian 50-92 polymerase 
(627E), minigenome reporter and Renilla expression control. Luciferase 
activity measured 20 h later. Knockdown in chicken DF-1 cells verified by 
immunoblotting using antibody against vinculin and chANP32A. c, DF-1 
cells depleted of chANP32A by siRNA infected with avian-like influenza 
virus (PR8 virus bearing H5N1 Ty05 polymerase genes with PB2 627E, 
MOI 0.01). 24 h later cell supernatants were titrated for infectious virus 
by plaque assay on MDCK cells. d, 293T cells transduced with lentiviral 
vectors delivering transgenes expressing puromycin and shRNA targeting 
huANP32A, huANP32B, both huANP32A and B, or negative. Puromycin-
selected cells were transfected with pHOM1-firefly minigenome reporter, 
human-adapted avian 50-92 polymerase (627K) and Renilla expression 
control. Luciferase activity measured after 20 h. Knockdown in 293T 
cells was verified by immunoblotting using antibody against vinculin, 
huANP32A and huANP32B. (a, b, d, Data are firefly activity normalized 
to Renilla, plotted as per cent of negative or ALLStars; n =  3 biological 
replicates; error as s.e.m.; one-way ANOVA comparisons to ALLStars or 
negative; NS=  not significant, * * P <  0.01, * * * P <  0.001, * * * * P <  0.0001). 
e, Puromycin-selected A549 cells expressing shRNA against huANP32 A 
and/or B were infected with human (H3N2) virus A/England/691/2010 
(MOI 0.1). After 24 h, cell supernatants were titrated by plaque assay on 
MDCK cells. (c, e, Data are % p.f.u. relative to ALLStars or negative; n =  3 
biological replicates; error as s.e.m.; one-way ANOVA, comparisons to 
ALLStars or negative; * * * P <  0.001, * * * * P <  0.0001; pattern of results 
consistent in at least three independent experiments.).

N
eg

at
iv

e

hu
A

N
P

32
A

hu
A

N
P

32
B

hu
A

N
P

32
A

+B

0

25

50

75

100

125

****
********

N
eg

at
iv

e

hu
A

N
P

32
A

hu
A

N
P

32
B

hu
A

N
P

32
A

+B

0

25

50

75

100

125

***
**

****

d e

Anti-vinculin

Anti-huANP32A

Anti-huANP32B

A
LL

S
ta

rs N
P

ch
A

N
P

32
A

0

25

50

75

100

125

In
fe

ct
io

n 
of

 A
LL

S
ta

rs
 (%

)

In
fe

ct
io

n 
of

 A
LL

S
ta

rs
 (%

)

***
***

N
eg

at
iv

e

ch
A

N
P

32
A

0

25

50

75

100

125

P
ol

ym
er

as
e 

ac
tiv

ity
 o

f
ne

ga
tiv

e 
(%

)
P

ol
ym

er
as

e 
ac

tiv
ity

 o
f

ne
ga

tiv
e 

(%
)

NS

A
LL

S
ta

rs N
P

ch
A

N
P

32
A

0

25

50

75

100

125

P
ol

ym
er

as
e 

ac
tiv

ity
 o

f
A

LL
S

ta
rs

 (%
)

**

***

a b c

Anti-vinculin

Anti-chANP32A

Figure 4 | Activity of avian influenza virus polymerase is dependent 
on a unique amino acid sequence present on avian ANP32A proteins. 
a, chANP32A protein schematic with 33 amino acid insertion relative to 
human homologue. b, huANP32A schematic representative of ANP32A 
from mammals, ostrich and of ANP32B. c, 293T cells transfected with 
Flag-tagged ANP32 and after 20 h transfected with pHOM1-firefly 
minigenome reporter, avian 50-92 polymerase (627E) and Renilla 
expression control. Luciferase activity measured 24 h later. (Data are PB2 
627E polymerase activity normalized to Renilla; n =  3 biological replicates; 
error plotted as s.e.m. of the ratio; one-way ANOVA, comparisons to 
empty vector; NS=  not significant, * * * * P <  0.0001; pattern of results 
consistent in at least three independent experiments.) ty, turkey; dk, duck; 
zf, zebra finch; os, ostrich; mu, mouse; pg, pig. d, Immunoblot analysis of 
Flag-tagged ANP32A constructs using antibody against Flag peptide and 
vinculin.
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insert is sufficient



Nuclear import as a species-specific regulator

Avian PB2 prefers IMPa3, human PB2 prefers IMPa7

PB2 D701N can occur during adaption of avian PB2 to mammals 
partially overcome restriction of an avian polymerase

Using a heterologous NLS (i.e. SV40) cannot overcome this defect, suggesting
a post-entry function for IMPa’s, possibly chaperoning PB2 into trimer

Does IMP use control host range? Especially in presence of PB2 K627?

IMPa, adaptor for classical nuclear import
6 IMPa’s in human and birds





Goal:
Identify novel human host factors that regulate the influenza 

virus replication machinery
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Post-translation regulation of the viral replication machinery

Phosphorylation ADP-ribosylation

Mondal,	2015
Hutchinson	2012
Kistner 1985,	1989
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Liu	2015
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The influenza RNP

non-specific RNP

Tail loop Binding groove



Phosphorylation	of	NP	maintains	a	monomeric	state



Phosphorylation	of	NP	maintains	a	monomeric	state

Mondal et al,                                   2015; Hutchinson, et al. 2012; Chenavas, et al. 2013

PMA
(PKC?)

Do PKCs phosphorylate NP and regulate 
viral RNA synthesis?



* * * *

Pol NP

Reporter RNA

+

Reporter RNP

Luciferase

Pol Activity Assay

Constitutively active PKC isoforms alter polymerase activity



NP	S165	and	S407	are	
PKC	targetsPhospho-sites	occluded	

in	NP	oligomer

Oligomer
(WT)

Monomer
(E339A)

PKC phosphorylates NP S165 and S407 in vitro

In	vitro	kinase	assays	with	purified	PKC	and	NP
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Tail$loop. only Groove.only

Tail loop:groove interaction assay
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Empty

PK
C

β

PK
C

δ

PK
C

η

Phosphorylation of S165 and S407 by PKC inhibits tail-loop:groove interactions



Quantitative mass spectrometry analysis 

Groove

Body

Tail loop

Knockout of PKCδ reduces NP phosphorylation and replication 



Viral replication

Knockout of PKCδ reduces NP phosphorylation and replication 

Influenza West	Nile

in	collaboration	with	Kristen	Bernard	and	Lindsey	Moser



Early
Primary 

transcription

Later
Replication/
transcription

+CHX -CHX

RNP assembly

CHX

Genome replication is specifically inhibited in PRKCD-/- cells

acid-bypass	infection



• PKCδ phosphorylates NP S165 and 
S407, preventing NP:NP interactions

• RNP assembly is severely 
compromised by both over-expression 
and knockout of PKCδ

• Balanced PKCδ activity controls RNP 
assembly and the transition to genome 
replication 

What licenses RNP assembly? 
Phosphatase? 

How is NP recruited and where is it 
incorporated?

PKCδ
Replication

Transcription

7mG

PKCδ creates a pool of RNP-competent NP



We know a lot.

There is a lot we don’t know, yet.
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