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Abstract

Influenza A viruses contain eight single-stranded, negative-sense RNA segments as viral genomes
in the form of viral ribonucleoproteins (vRNPs). During genome replication in the nucleus,
positive-sense complementary RNPs (cCRNPs) are produced as replicative intermediates, which are
not incorporated into progeny virions. To analyze the mechanism of selective VRNP incorporation
into progeny virions, we quantified VRNPs and cRNPs in the nuclear and cytosolic fractions of
infected cells, using a strand-specific qRT-PCR. Unexpectedly, we found that cRNPs were also
exported to the cytoplasm. This export was chromosome region maintenance 1 (CRM1)-
independent unlike that of vVRNPs. Although both VRNPs and cRNPs were present in the cytosol,
viral matrix (M1) protein, a key regulator for viral assembly, preferentially bound vRNPSs over
cRNPs. These results indicate that influenza A viruses selectively uptake cytosolic vVRNPs through
a specific interaction with M1 during viral assembly.
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1. Introduction

Influenza A virus, a major respiratory pathogen that belongs to the family of
Orthomyxoviridae, frequently causes seasonal epidemics and periodic pandemic outbreaks.
Genetic reassortment between human and animal viruses caused emergence of many
pandemic viruses (de Silva et al., 2012; Neumann et al., 2009; Y. Watanabe et al., 2012).
Therefore, a thorough understanding of the molecular mechanisms underlying influenza A
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virus replication, genome packaging and viral assembly is needed to clarify the reassortment
process, which will also allow identifying potential drug targets.

Influenza A virus contains eight segments of single-stranded, negative-sense viral RNA
(VRNA) (Knipe and Howley, 2013). The viral genomes are encapsidated with nucleoproteins
(NP) and associated with the trimeric polymerase complexes to form helical-shaped viral
ribonucleoproteins (VRNPs) (Arranz et al., 2012; Moeller et al., 2012; Noda and Kawaoka,
2010; Zheng and Tao, 2013). Unlike other RNA viruses, influenza A virus transcribes and
replicates its genome in the nucleus of the host cell (de Silva et al., 2012; Knipe and Howley,
2013; Neumann et al., 2009; Y. Watanabe et al., 2012). Within the nucleus of infected cells,
positive-sense full-length complementary RNAs (cCRNAs) are synthesized. The cRNPs are
replicative intermediates used as templates to generate nascent VRNPs. Progeny VRNPs are
exported to the cytoplasm via chromosome region maintenance 1 (CRM1) nuclear exporter.
Substantial evidence indicates an important role of viral nuclear export protein (NEP) (S.
Huang et al., 2013; Iwatsuki-Horimoto et al., 2004; Knipe and Howley, 2013; Ma et al.,
2001; Neumann et al., 2000; O’Neill et al., 1998) and matrix (M1) protein (Arranz et al.,
2012; Bui et al., 2000; Cao et al., 2012; Ma et al., 2001; Martin and Helenius, 1991; Moeller
etal., 2012; Noda and Kawaoka, 2010; Zheng and Tao, 2013) in vRNP nuclear export via a
CRM1-dependent pathway. The current model proposes that VRNP forms a daisy chain
complex with M1 and NEP. This VRNP-M1-NEP complex interacts with CRML1 in
association with RanGTP, a small GTPase, resulting in the translocation of VRNP into the
cytoplasm (Akarsu et al., 2003; Baudin et al., 2001; Ma et al., 2001; Neumann et al., 2000;
Shimizu et al., 2011). However, other studies suggested that NP can directly interact with
CRML1, which also regulates VRNP nuclear export (Chutiwitoonchai and Aida, 2016; Elton
et al., 2001). After nuclear export, VRNPs are transported to the site of assembly at the apical
plasma membrane through Rabl11a-regulated recycling endosome (Amorim et al., 2011;
Chou et al., 2013; Eisfeld et al., 2011). At the plasma membrane, M1 protein together with
viral envelope proteins are considered to play a major role in incorporation of viral genome
into budding virions during viral assembly (Ali et al., 2000; Nayak et al., 2009; Noton et al.,
2007; Rossman and Lamb, 2011; Wang et al., 2010; Wu et al., 2011)

Incorporation of influenza genome is a sophisticated process, as eight segments of negative-
sense VRNPs are required to make an infectious particle. Electron tomography and
fluorescent /n situ hybridization (FISH) studies demonstrate that the majority of progeny
virions incorporate a single copy of all eight vVRNPs (Chou et al., 2012; Lakdawala et al.,
2014; Noda and Kawaoka, 2012; Noda et al., 2006). However, how influenza virus
selectively uptakes VRNPs, while excluding the replicative intermediates, cCRNPs, is not
known. cRNPs are produced in the nucleus, but whether they remain in the nucleus
throughout infection or are exported to the cytoplasm is also not clear. In fact, a very limited
analysis has been done regarding localization of cRNPs in infected cells. In this study, we
investigated two possible mechanisms that facilitate selective incorporation of VRNPs over
cRNPs into influenza infectious virions: 1) cRNPs remain in the nucleus throughout the
virus life cycle and therefore are not incorporated into progeny virions, or 2) both vVRNPs
and cRNPs are exported from the nucleus, but selective uptake of VRNPs occurs during
trafficking to or assembly at the plasma membrane. We used a specific and sensitive gRT-
PCR approach to study production and distribution of vVRNAs and cRNAs at various time
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points after infection. Our data indicate that both vVRNPs and cRNPs are exported from the
nucleus to the cytoplasm, but their export mechanism seems to be different. We also showed
that influenza M1 protein preferentially interacts with VRNPs over cRNPs, suggesting that
influenza A viruses selectively uptake cytosolic VRNPs through a specific interaction with
M1 during viral assembly.

2.1. Influenza cRNPs are exported from the nucleus of an infected cell

To determine the translocation of cRNPs during virus replication, we first quantified the
amount of cRNAs in the nuclear and cytoplasmic fractions at various times after infection
and compared them with those of vVRNAs and mRNAs. We prepared nuclear and
cytoplasmic fractions from MDCK cells infected with A/WSN/1933 (H1N1) at 1, 4, 8, 12,
and 24 hours post infection (hpi). Extracted RNAs were applied for strand-specific gRT-PCR
to quantify the amount of vVRNAs, cRNAs and mRNAs of the neuraminidase (NA) RNA
segment (Kawakami et al., 2011). First, we confirmed the quality of nuclear/cytosolic
fractionations by Western blot analysis using lamin A/C as a nuclear marker and tubulin as a
cytosolic marker. The presence of lamin A/C (nuclear marker) in the cytosolic fraction and
tubulin (cytosolic marker) in the nuclear fraction was less than 2.8% and 0.9%, respectively,
showing efficient separation of the nuclear and cytosolic samples (Fig. 1A). We also
confirmed the specificity of strand-specific gRT-PCR primers using /n vitro-transcribed
RNA template (see Materials and Methods). The VRNA primer set minimally detected
cRNA and mRNA (0.48% and 0.8%, respectively). Similarly, the cRNA primer set detected
only 0.99% and 2.67% of vVRNA and mRNA, respectively. The mRNA primer set also
minimally detected vVRNA and cRNA (0.08% and 0.93%, respectively) (Fig. 1B). These data
indicate that the strand-specific gRT-PCR primers were highly specific to distinguish viral
VRNA, cRNA, and mRNA as previously reported (Kawakami et al., 2011).

Following subcellular fractionation of infected cells, we isolated RNAs, which were
subjected to gRT-PCR using the specific primer sets. At 1 hpi, we detected a small amount
of VRNAS (1.7 x 102 RNA copies/cell), which originated from inoculated viruses. The
cRNASs were undetectable at this time-point. At 4 hpi, VRNAs remained constant, while the
copy number of cRNASs began to rise, indicating initial genome replication from inoculated
VRNA templates. Small quantities of viral mMRNAs were detected at 1 hpi and began to
increase at 4 hpi, indicating that primary transcription from vRNA templates occurs prior to
genome replication. Viral MRNAs were present in both the nuclei and cytoplasm of infected
cells, indicating nuclear export of viral mMRNAs. Copy numbers of vVRNAs and cRNAs
increased over time from 8 hpi onwards. A significant quantity (> 103 RNA copies/cell) of
VRNAS were present in both the nuclei and cytoplasm of infected cells at late time points (8,
12, and 24 hpi), indicating nuclear export of newly synthesized VRNPs to the cytoplasm as
anticipated (Fig. 1C). Intriguingly, we also detected cRNAs in the cytoplasm at a similar
ratio with VRNAS. Although the difference between cytoplasmic and nuclear cRNA was not
statistically significant, we did tend to observe more cRNA in the cytoplasm than in the
nucleus (Fig. 1C). These data indicate that both influenza vVRNPs and cRNPs are exported
from the nucleus of infected cells.
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2.2. cRNPs are exported from the nucleus via a CRM1-independent pathway

A current model of VRNP nuclear export proposes that VRNP forms a daisy chain complex
with M1 and NEP, in which the N-terminal domain in NEP interacts with CRM1 to navigate
VRNP nuclear export (Akarsu et al., 2003; Baudin et al., 2001; Iwatsuki-Horimoto et al.,
2004; Neumann et al., 2000). In contrast, recent studies showed that VRNPSs passively
traverse across the caspase-induced enlarged nuclear pores caused by influenza infection
(Muhlbauer et al., 2015; Wurzer et al., 2003). To test if cRNPs utilize CRM1 for their
trafficking across nuclear pore complexes, we treated MDCK cells with leptomycin B
(LMB), a potent CRML1 inhibitor immediately after infection and determined NP
localization by immunofluorescent (IF) assay. Previous studies demonstrated nuclear
retention of influenza NP as a surrogate for VRNP, when infected cells were treated with
LMB (Elton et al., 2001; Ma et al., 2001; K. Watanabe et al., 2001). Consistent with
previous reports, LMB treatment caused nuclear accumulation of NP at late time points (12
and 18 hpi) (Fig. 2A). Quantification of NP signals in the nucleus and cytoplasm of the 18
hpi-sample indicates a significant increase of nuclear/cytosol ratios of NP in the LMB-
treated cells (P< 0.001) (Fig. 2B). We also investigated the effect of LMB on production of
infectious virions and found that LMB treatment caused over a hundred-fold reduction in
infectious virion production (P < 0.05) (Fig. 2C).

To determine if cRNP nuclear export is CRM1-dependent, we quantified the amount of both
VRNASs and cRNAs in the nuclear and cytosolic fractions of cells treated with LMB for 18 h.
LMB treatment increased the quantity of vVRNASs in the nucleus 2.5-fold, while slightly
decreasing their amount in the cytosol, compared to the untreated condition (Fig. 2D). LMB
reduced the cytosol/nuclear ratio of vVRNASs from 2.49 to 0.86 (< 0.05) (Fig. 2E),
indicating an inhibition of VRNP nuclear export in the presence of a CRML1 inhibitor
consistent with previous findings (Chase et al., 2011; Chou et al., 2013; K. Watanabe et al.,
2001). In contrast, LMB treatment did not reduce nuclear export of cRNP. More cRNA
copies were detected in the cytosol than nucleus as observed in untreated cells (Fig. 2D).
There was no significant difference in the cRNA cytosol/nuclear ratio between treated and
untreated cells (Fig. 2E). There results suggest that cRNP nuclear export is CRM1-
independent.

To test if cCRNPs are exported from the nucleus via a caspase-dependent passive
transportation, we treated infected cells with a caspase 3/7 inhibitor (Cl) at the concentration
reported to block caspase activation (Mihlbauer et al., 2015) immediately after virus
infection. CI treatment slightly increased nuclear accumulation of NP (Fig. 2A and B) and
caused a 10-fold reduction in infectious virion production (Fig. 2C). However, we detected
no significant difference in either vVRNA or cRNA cytosol/nuclear ratio between Cl-treated
and untreated cells (Fig. 2D and E). Overall, these results suggest that cRNP nuclear export
is CRM1- and caspase- independent.

2.3. Selective incorporation of vRNPs into progeny virions

Our data indicate that cRNAs are exported from the nucleus and are present in the
cytoplasm. Therefore, we next compared the VRNA/CRNA ratio in the cytoplasm and
released virions at various time points after infection to determine the specificity of vRNP
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incorporation into progeny virions. As expected, we detected release of progeny virions
containing VRNAS at late time points (1.99 x 102 RNA copies at 12 hpi and 6.93 x 103 RNA
copies at 24 hpi). In contrast, CRNAs were undetectable, except for a small amount (5.5 x
10! RNA copies) at 24 hpi, which was 125-fold less than VRNA (Fig. 3A). We also
quantified the vVRNAs and cRNAs in the nuclei and cytosol of the same infected cells, and
compared the vVRNA/cRNA ratio. At 24 hpi, the ratios in the nuclear fraction, cytosolic
fraction, and culture supernatant were 20, 25, and 125, respectively (Fig. 3B). The
dramatically increased VRNA/CRNA ratio in the released virions indicates that progeny
virions selectively incorporate VRNPS.

2.4. Influenza M1 preferentially interacts with vVRNPs over cRNPs

Our data suggest that there is a mechanism regulating selective incorporation of viral
genome in the cytoplasm (Fig. 3). Influenza M1 protein is known to be indispensable for
assembly and budding of virus particles (Ali et al., 2000; Nayak et al., 2009; Noton et al.,
2007; Wang et al., 2010; Wu et al., 2011). Previous studies suggest a specific interaction
between M1 and VRNP during virus assembly (Gomez-Puertas et al., 2000; Noton et al.,
2007; Wu et al., 2011). Our lab also showed that M1-vRNP interaction affects morphology
of progeny virions (Bialas et al., 2014). Therefore, we determined if M1 specifically
recognizes and interacts with VRNPs to promote specific VRNP incorporation into infectious
virions. To test the specificity of M1 interaction, we co-immunoprecipitated the RNPs
associated with M1 from virus-infected cells using anti-M1 mAb, and quantified the amount
of VRNASs and cRNAs associated with M1 protein. First, we tested the specificity of anti-M1
mADb to be used for immunoprecipitation. Anti-M1 mAb or a cocktail of anti-NP mAbs were
used to react with radiolabeled cell lysate transfected with M1 or NP expressing plasmids.
Both mAbs were highly specific for their respective proteins and displayed no cross-
reactivity (Fig. 4A, lanes 2-5). When anti-NP mAbs reacted with the virus-infected cell
lysate, the Abs precipitated NP and associated polymerase proteins as expected (Fig. 4A,
lane 6). Importantly, anti-M1 mAb precipitated not only M1, but also NP and polymerase
proteins, indicating that M1 interacts with RNPs (Fig. 4A lane 7).

Using these specific mAbs, we immunoprecipitated viral nucleocapsids and isolated RNAs.
Quantities of VRNAs and cRNAs of NA gene in the immunoprecipitated materials were
determined by strand-specific qRT-PCR as described above. Analysis on the input lysate
demonstrated 10.9-fold more VRNAS than cRNAs (Fig. 4B). Viral nucleocapsids
immunoprecipitated with anti-NP mAbs showed 5.2-fold more VRNAS than cRNAs.
However, viral nucleocapsids co-immunoprecipitated with anti-M1 mAb included 43-fold
more VRNAS than cRNAs, indicating that M1 preferentially binds to vVRNPs over cRNPs
(Fig. 4B). These data suggest that influenza A virus selectively recognizes and uptakes
cytosolic VRNPs through specific interaction with M1 during viral assembly.

2.5. M1-NP interaction in infected cells

M1 protein interacts with VRNP both in the nucleus to navigate vVRNP nuclear export (Bui et
al., 2000; Cao et al., 2012; Chase et al., 2011; X. Huang et al., 2001; Martin and Helenius,
1991; Wu et al., 2011) and at the plasma membrane together with other viral glycoproteins
to facilitate viral assembly and budding (Ali et al., 2000; Baudin et al., 2001; M. Enami and
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K. Enami, 1996; Gomez-Puertas et al., 2000; Noton et al., 2007; Wu et al., 2011; Ye et al.,
1999). Studies on cytoplasmic trafficking of VRNP indicate that Rab11-regulated recycling
endosomes translocate VRNPS to the apical plasma membrane (Amorim et al., 2011; Bruce
etal., 2010; Eisfeld et al., 2011). It was suggested that Rab11-containing endosome also
functions as a platform to co-localize different vVRNP segments along their route to the site
of assembly (Chou et al., 2013; Lakdawala et al., 2014). However, it is not known if M1
remains associated with VRNP throughout its translocation from the nucleus to the plasma
membrane assembly sites.

To investigate M1 interaction with VRNP during Rab11-regulated VRNP cytoplasmic
trafficking, we determined co-localization of Rab11 with either NP or M1 using a super
resolution microscope. A549 cells infected with the virus for 15 h were processed for dual
staining of NP or M1 (red channel) with Rab11 (green channel) using specific antibodies.
NP showed a distinct co-localization and/or in close association with Rab11 protein (Fig. 5,
left column) as reported (Amorim et al., 2011; Bruce et al., 2010; Eisfeld et al., 2011). In
sharp contrast, we did not detect obvious co-localization between M1 and Rab11 (Fig. 5,
right column). This result may indicate that M1 dissociates from VRNP export complex after
nuclear export.

To further analyze the spatiotemporal relationship between influenza vVRNP and M1,
infected cells were processed for immunostaining with anti-NP and anti-M1 antibodies at 6,
9 and 15 hpi. Co-localization of NP and M1 was visualized using a confocal microscope and
analyzed by ImageJ software (Fig. 6). At 6 hpi, punctate staining of influenza NP (green
channel) and M1 proteins (red channel) were both distributed in the central area of cell
nucleus with a high degree of co-localization (yellow). At 9 hpi, M1 proteins were dispersed
throughout the cell nucleus, while NP proteins were consolidated at the internal rim of the
nucleus where they also co-localized with M1 proteins (Fig. 6, middle panel). At 15 hpi, we
observed that NP and M1 were distributed throughout the cytoplasm of infected cells and
were strikingly co-localized around the plasma membrane area (Fig. 6, lower panel).
Collectively, these data suggest that M1 specifically interacts with VRNPs in the nucleus for
VRNP nuclear export, but is released from the export complex during Rab11-regulated
VRNP translocation, and is then re-associated with VRNPs at the plasma membrane, which
determines specific incorporation of VRNPs into progeny virion.

3. Discussion

Replication and assembly processes of influenza A virus are unique and the most
complicated among negative strand RNA viruses. The virus replicates its genome in the cell
nucleus in which the cRNP replicative intermediates are synthesized to be used as templates
to generate nascent VRNPs (Jackson et al., 1982; Krug et al., 1987; Shapiro et al., 1987).
Then, progeny VRNA-containing nucleocapsids are exported to the cytoplasm and
transported to the plasma membrane assembly sites whereby an entire set of eight VRNA
segments is incorporated into budding virions to complete infectious virus formation. In
contrast to the extensive studies on VRNP trafficking, little attention has been paid on
intracellular localization of cRNP and the mechanism of selective VRNP incorporation into
progeny virions. In this study, we found that cRNPs were actually exported to the cytoplasm
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during virus infection through a CRM1-independent manner (Figs. 1 and 2). The cytosolic
cRNPs, however, were not incorporated into progeny virion (Fig. 3). Viral M1 proteins can
distinguish vRNP and cRNP and preferentially interact with vRNP (Fig. 4). Our data also
suggest that this specific M1-vRNP interaction takes place at the plasma membrane, but not
during VRNP translocation through Rab11-mediated recycling endosomes (Figs. 5 and 6).

An early study suggested that influenza cRNAs were synthesized only at early time points
(1.5-2.5 hpi) and remained in the nucleus (Shapiro et al., 1987). However, a more recent
study using subcellular fractionation and a primer extension assay suggests the presence of
cRNAs in the cytoplasm (Chase et al., 2011). In our study, we used highly sensitive and
specific strand-specific qRT-PCR to quantify vVRNAs and cRNAs for an extended period of
time after infection (Fig. 1). Our findings indicate that nuclear cRNA accumulation increases
over time until achieving equilibrium at 12 hpi. Interestingly, we also detected a significant
amount of cRNAs in the cytosolic fraction, suggesting that, like VRNPs, cRNPs are also
exported from the nucleus of infected cells (Fig. 1C). However, the mechanism of cRNP
nuclear export seems to be different from that of vVRNP, which usurps the cellular CRM1
nuclear exporter (Elton et al., 2001; Ma et al., 2001; K. Watanabe et al., 2001). Using a
potent CRM1 inhibitor, LMB, we observed a significant inhibition of vVRNP nuclear export,
as determined by qRT-PCR (Fig. 2E) along with a significant reduction of infectious virion
production (Fig. 2C), which are consistent with previous reports (Chase et al., 2011; Larsen
et al., 2014; Mihlbauer et al., 2015). However, LMB treatment did not reduce nuclear export
of cRNPs, suggesting that cRNPs are likely to be exported via a CRM1-independent
pathway (Fig. 2B). These findings are in agreement with a previous study using a primer
extension assay, which reported no significant differences in cRNA accumulation after
treatment with LMB (Chase et al., 2011).

A recent study proposed a possibility of passive translocation of RNPs across the enlarged
nuclear pores at a later stage of infection, indicating an alternative CRM1-independent
nuclear export process. The study reported that influenza virus infection induced caspase
activation. Activation of caspase cascades degraded nucleoporin, an essential element of
nuclear pore complexes, allowing passive diffusion of macromolecules across the enlarged
nuclear pores (Muhlbauer et al., 2015). We used a caspase inhibitor at the same dose
reported in this study, but did not observe an inhibitory effect on cRNP nuclear export,
which may suggest that the presence of cRNP in the cytosol is not due to a caspase-induced
passive diffusion (Fig. 2D and E). Since cRNP nuclear export was CRM1-independent (Fig.
2) and M1 did not interact efficiently with cRNPs (Fig. 4), it is unclear whether cRNPs form
a daisy chain with M1 and NEP to navigate their translocation across the nuclear pores.
Importantly, the fact that M1 preferentially binds to vVRNP, but not cRNP, may suggest some
degree of structural difference, especially the surface-exposed and hidden NP residues along
the RNA helix, between VRNP and cRNP. Thus, it is possible that cRNPs are exported from
the nucleus due to nuclear export signals of NP, which are uniquely exposed on the surface
of cRNP. Alternatively, a recent study suggested that influenza polymerase can adopt an
alternative configuration depending on which kind of viral RNA (VRNA or cRNA) is bound
(Thierry et al., 2016). In addition, NEP was also found to directly interact with the viral
polymerase associated with VRNPs, in an M1-dependent manner (Brunotte et al., 2014),
leaving open the possibility of a direct interaction between NEP and the viral polymerase
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associated with cRNPs in navigating cRNP nuclear export. Further analysis will be required
to fully understand the cRNP nuclear export process, as well as its biological functions in
the cytosol.

It is a striking finding that M1 specifically recognizes and interacts with VRNP, but not
cRNP (Fig. 4). M1 interaction with VRNP complexes (Elster et al., 1997; Noton et al., 2007;
Ye et al., 1999), as well as viral envelope proteins (Ali et al., 2000; Chen et al., 2008; M.
Enami and K. Enami, 1996) facilitates virion formation. Cryogenic electron microscopy
studies of RNP revealed its double-helical conformation that is comprised of two NP strands
of opposite polarity, by which both strands are connected by a short loop at one end and an
association with the viral RNA-dependent RNA polymerase at the other end (Arranz et al.,
2012; Moeller et al., 2012). Isolation of influenza positive-sense replicative intermediate,
followed by electron microscopy study, revealed that cRNP also exhibits a similar
filamentous double-helical structure (York et al., 2013). Even though the viral protein
components that constitute VRNPs and cRNPs are likely to be the same, we speculate that
VRNP and cRNP might form a slightly different conformation in terms of surface-exposed
and hidden NP residues along the RNA helix, which might determine the preferential
recognition by M. In line with this speculation, our previous study indicated that NP
residues affect the morphology of progeny virions. Mutations in NP residues 214, 217, and
253, which are located and exposed at the minor groove of the helical vRNP, changed the
filamentous virions to spherical, most likely through their interaction with M1 at the
assembly sites (Bialas et al., 2014). However, we cannot exclude the possibility that the
conformational differences in the viral polymerase associated with VRNPs and cRNPs might
determine the preferential interaction of M1 with VRNPs (Thierry et al., 2016). Further
investigations on VRNP and cRNP structures and their interactions with viral and cellular
partners are required to elucidate the mechanism by which M1 preferentially interacts with
VRNP.

As discussed above, specific interaction between M1 and VRNPs is likely to be a key
determinant of selective incorporation of VRNPs into virions. However, this interaction
seems to take place only during the nuclear export of VRNPs and virion assembly at the
plasma membrane, but not during VRNP translocation in the cytosol. Using a super
resolution microscope, we observed co-localization of Rab11 and NP, but not M1, in the
cytosol (Fig. 5). In fact, associations between M1 and cytoplasmic VRNPs are not well
established (Eisfeld et al., 2015). Existing data indicate that vVRNPs are not exported from
the nucleus as a complete set of eight VRNA segments (Chou et al., 2013; Lakdawala et al.,
2014) nor as an individual segment (Lakdawala et al., 2014). During translocation through
the Rabl11-regulated recycling endosome, VRNPs have been shown to interact with each
other and form subcomplexes containing multiple distinct vVRNA segments, which are later
fused and yield a complete set of eight VRNA segments to be incorporated into progeny
virion at the plasma membrane (Lakdawala et al., 2014). Therefore, it is possible that M1
associated with VRNP at the perinuclear region is released from the complex, and binds
again to a set of vVRNP segments at the plasma membrane during virion assembly. In this
case, M1 at the plasma membrane may form a different conformation through its interaction
with envelope glycoproteins that allows specific recognition and interaction with a set of
VRNPs at the plasma membrane for virion assembly.
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Overall, our study indicates that influenza replicative intermediates, CRNPs, are exported
from the nucleus to the cytoplasm, but the virus selectively uptake cytosolic VRNPs through
a specific interaction with M1 during viral assembly. These data also suggest a possible
structural difference between vVRNP and cRNP, and temporal M1 interactions with VRNPs
while being translocated from the site of synthesis in the nucleus to the site of virion
formation at the plasma membrane.

4. Materials and Methods

4.1. Cells, viruses and plasmids

Madin-Darby canine kidney (MDCK), human embryonic kidney 293T, and human alveolar
Ab549 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Corning)
supplemented with 8% fetal bovine serum (FBS, Life Technologies or Seradigm) and
GlutaMAX (Life Technologies). Influenza A/WSN/1933 (H1N1) was rescued using the 12-
plasmid system obtained from Y. Kawaoka (University of Wisconsin, Madison, WI)
(Neumann et al., 1999). Virus titers were determined by immunofluorescence assay
detecting viral NP or TCIDsgg assay using MDCK cells. pPCAGGS-WSNNP, and pCAGGS-
WSNM1 were previously constructed in our lab (Bialas et al., 2014).

4.2. Subcellular fractionation

MDCK cells were seeded on a 6-well plate overnight prior to infection with WSN at a
multiplicity of infection (MOI) of 2. Infected cells were maintained at 37°C, 5% CO, in an
incubator. At indicated time points, culture supernatant was collected for virion purification.
Infected cells were washed with cold phosphate buffer saline (PBS), scraped and centrifuged
at 3,000 rpm for 5 min at 4°C to pellet the cells. Fractionation was performed using the
Nuclear/Cytosol Fractionation kit (BioVision) according to the manufacturer’s protocol.

4.3. Western blot analysis

Viral and cellular proteins were applied to a 12% SDS-PAGE gel and transferred onto a
polyvinylidene difluoride (PVDF) membrane (Millipore). The blot was blocked with 2% dry
milk in Tris-buffered saline with Tween 20 (TBST) and then incubated with primary
antibodies as follows: anti-lamin A/C mouse mAb, 4C11 (1:1,000; Cell Signaling), anti-a./p
tubulin rabbit Ab (1:1,000; Cell Signaling), anti-influenza A NP mouse mAb, NR4282
(1:1,000; BEI Resources), and anti-influenza A M1 mouse mAb GA2B (1:1,000; Abcam).
The membrane was incubated with goat anti-mouse 1gG conjugated with horseradish
peroxidase (HRP) (1:10,000; Bio-Rad) and HRP-conjugated goat anti-rabbit 19gG (1:5,000;
Bio-Rad). Target proteins were visualized using SuperSignal West Femto maximum
sensitivity substrate (Thermo Scientific). Images were captured using the ChemDoc XRS
system (Bio-Rad) and analyzed using Quantity One 1-D analysis software (Bio-Rad).

4.4. Strand-specific gRT-PCR

We used a strand-specific real-time qRT-PCR, which has been established for the specific
detection of vVRNA, cRNA, and mRNA of the WSN NA segment (Kawakami et al., 2011).
Virions in the culture supernatants were purified by ultracentrifugation through a 20%
sucrose cushion. Total RNAs were extracted from fractionated cells or virions using illustra
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RNAspin Mini (GE Healthcare). cDNAs complementary to the influenza vRNA and cRNA
were synthesized with the hot-start modification of the SuperScript Il first-strand synthesis
system (Life Technologies) using saturated trehalose (Kawakami et al., 2011). Real-time
PCR (gPCR) was performed with SYBR Green gPCR. The cycle conditions of qPCR were
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min (Kawakami et
al., 2011). Ten-fold serial dilutions (109, 108, 107, 106, 10°, 104, 103 copies/ul) of synthetic
viral RNA standards were used to generate a standard curve. The quantity of vRNA and
cRNA was calculated in Logyq copies/cells. The specificity of strand-specific gRT-PCR
primers was tested as follows: WSN NA gene was amplified by PCR using pPoll-WSNNA
plasmid. Primers were designed to include T7 promoter sequences at the right direction to
produce template VRNA, cRNA and mRNA as follows:
AGCGAAAGCAGGAGTTTAAATGAA (forward primer for VRNA),
GGATCCTAATACGACTCACTATAGGGAGTAGAAACAAGGAGTTTTTTGAA (reverse
primer for vVRNA),
GGATCCTAATACGACTCACTATAGGGAGCGAAAGCAGGAGTTTAAATGAA (forward
primer for cRNA and mRNA), AGTAGAAACAAGGAGTTTTTTGAA (reverse primer for
cRNA), and TTTTTTTTTTTTTTTTGAACAAAC (reverse primer for mRNA). PCR
products were purified by phenol/chloroform extraction and ethanol precipitation. Template
VRNASs, cRNAs and mRNAs were prepared from purified PCR products by /n vitro
transcription using MAXIscript® T7 Transcription Kit (Ambion, AM1312). Reverse
transcription was performed with 10° copies of each template RNAs (VRNA, cRNA and
mRNA) using strand-specific primers for WSN NAVRNA, NAcRNA, and NAmMRNA
(Kawakami et al., 2011). The cDNA products were quantified by qPCR reactions using the
specific primer sets.

4.5. Immunofluorescence assay (IFA)

To investigate intracellular localization of NP in the presence or absence of LMB or Cl,
MDCK cells were infected with WSN at a MOI of 2 and treated with 20 nM LMB (Cell
Signaling) or 40 uM CI (R&D Systems) at 1 hpi. At indicated time points (6, 12, and 18
hpi), infected cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with
0.5% Triton X-100 for 10 min at room temperature. Viral NP was detected using mouse anti-
NP mAb (1:1,000; BEI Resource, NR19868), followed by donkey anti-mouse 1gG Alexa
Flour 594 (1:1,000; Thermo Fisher Scientific) and counterstained with DAPI (1:10,000).
Images were obtained using an Olympus 1X50 inverted fluorescence microscope with a 60x
oil immersion objective. Fluorescence intensity at the Alexa Flour 594 channel within nuclei
and whole cell was quantified using ImageJ software.

For the analysis of Rab11 co-localization with NP or M1, A549 cells on a round glass cover
slip were infected with WSN at a MOI of 2 for 15 h. Infected cells were fixed and
permeabilized as described above and were processed for dual staining with NP or M1 with
Rab11 using mouse anti-NP mAb (1:100, BEI Resources, NR4282) or anti-M1 mAb GA2B
(1:1,000, Abcam) together with rabbit anti-Rab11 pAb (1:1,000, Invitrogen), followed by
goat anti-mouse 1gG Alexa Fluor 594 (1:1,000, Abcam) and goat anti-rabbit IgG FITC
(1:1,000, Invitrogen). Images were obtained using Leica TCS SP8 STED 3X super
resolution microscope with a 100x/1.4 oil immersion objective. A sequential scanning
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program was established based on the manufacturer’s excitation and emission spectra for
each fluorophore.

Co-localization of NP and M1 in infected cells was determined as follows. After infection of
A549 cells with WSN at MOI of 2, cells were fixed and permeabilized as described above at
indicated time points (6, 9, and 15 hpi). Cells were processed for reaction with mouse anti-
M1 mAb GA2B (1:1,000; Abcam) followed by goat anti-mouse IgG Alexa Fluor 647
(1:1000; Abcam). Then, cells were incubated with mouse anti-NP mAb directly conjugated
with FITC using ReadiLinkTM KLH Conjugation Kit (AAT Bioquest). Images were
obtained using an Olympus F\VV1000 confocal microscope with a 60x oil immersion
objective. Co-localization of NP and M1 at various time points after infection was analyzed
by ImageJ software.

4.6. Radioimmunoprecipitation (RIP)

293T cells infected with WSN at a MOI of 3 or transfected with pCAGGS vectors
expressing NP or M1 were radiolabeled with [3°S]Met/Cys (Perkin Elmer) for 16 h at 37°C.
Total cell lysates were used for immunoprecipitation using Dynabeads reacted with anti-NP
mAb cocktail (BEI Resources, NR4282) or anti-M1 mAb GA2B (Abcam). Eluted samples
were analyzed by SDS-PAGE. For RNA analysis, lysates from cells infected with WSN as
above were reacted with anti-NP or M1 mAbs. Total RNAs in immunoprecipitated materials
and the crude lysates (input control) were isolated using RNAspin Mini kit (GE Healthcare)
and applied to gRT-PCR reaction using WSN NA gene strand-specific primers to quantify
VRNAS and cRNAs.

4.7. Statistical analysis

Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple
comparison test (JMP Pro 12). P-value of < 0.05 was considered to be statistically
significant.
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Highlight

Influenza cRNPs are exported from the nucleus of an infected cell via a
CRM1-independent pathway.

Influenza A viruses selectively incorporate cytosolic VRNPs through a
specific interaction with M1 during viral assembly

M1 dissociates from VRNP export complex after nuclear export, and is re-
associated with VRNPs at the plasma membrane.
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Figure 1. Influenza cRNPs are exported from the nucleus
(A) MDCK cells infected with WSN at a MOI of 2 were fractionated at indicated time

points after infection. Markers for nucleus (lamin A/C) and cytosol (tubulin), together with
viral NP and M1 proteins were detected by Western blotting using specific antibodies. (B)
The specificity of qRT-PCR primer sets was determined using WSN NA vRNA (red), cRNA
(yellow), and mRNA (green) templates prepared /in vitro. The specificity of primers for
WSN NAVRNA, NAcRNA, and NAMRNA is presented in respect to the percentage of its
corresponding RNA template. (C) MDCK cells infected with WSN were fractionated, and
total RNAs were extracted and applied for strand-specific real-time qRT-PCR. Quantities of
VRNA, cRNA and mRNA of the NA segment of WSN influenza A virus in the nuclear
(blue) and cytosolic (red) fractions are shown as averages with standard deviations from six
independent experiments.
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Figure 2. Influenza cRNPs are exported from the nucleus via a CRM-1 independent pathway
(A) MDCK cells were infected with WSN at a MOI of 2 for 1 h and cultured in the presence

or absence of either 20 nM LMB or 40 uM CI. Cells were fixed and permeabilized at 6, 12,
and 18 hpi and processed for IFA using mouse anti-NP mAb and Alexa Flour 594 anti-
mouse antibody, and counterstained with DAPI. (B) Intracellular NP signal was quantified
from fluorescence intensity at the Alexa Flour 594 channel within the nucleus and the
cytoplasm using ImageJ software. Data from cells processed at 18 hpi are represented as the
nuclear/cytosol ratio of NP localization (n = 13, mean + s.d. * £< 0.05, ** £<0.001). (C)
Infected MDCK cells were treated with inhibitors as described in A. Culture supernatant
was collected at 18 hpi to perform TCIDs assay for virus titer calculation (n = 3
independent experiments, mean + s.d. * £<0.05). (D) Infected MDCK cells were treated
with inhibitors as described in A. At 18 hpi, cells were fractionated and total RNA from each
fraction was extracted and used for the strand-specific real-time qRT-PCR. Quantities of
VRNA and cRNA of the NA segment in the nuclear (blue) and cytosolic (red) fractions are
shown as averages with standard deviations from three independent experiments. (E) Results
obtained from D are represented as the nuclear/cytosol ratio of viral RNAs (n =3
independent experiments, mean + s.d. * £<0.05).
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Figure 3. Selective incorporation of VRNPs into the virion
(A) MDCK cells were infected as described in Fig. 1C. Virions in the culture supernatant

were purified by ultracentrifugation through a 20% sucrose cushion. Extracted viral RNAs
were used for strand-specific real-time gRT-PCR. Data are shown as averages with standard
deviations from six independent experiments. (B) Quantities of vVRNA (light blue) and
cRNA (orange) in each fraction of the cells and in released virions at 24 hpi are shown as
averages with standard deviations from six independent experiments. Capped lines represent
the fold difference of VRNA over cRNA.
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Figure 4. Influenza M1 protein preferentially interacts with vRNPs over cRNPs
(A) 293T cells transfected with NP or M1 expressing plasmids or infected with WSN (V) at

a MOl of 3 were radiolabeled for 16 h and used for immunoprecipitation with either anti-NP
or anti-M1 mAb. Purified virion (PV) was used as a size marker for viral proteins. (B) Cells
infected with WSN at a MOI of 3 were cultured for 14 h at 37°C, and cell lysates were used
for immunoprecipitation with anti-NP mAb or anti-M1 mAb. Total RNAs in
immunoprecipitated materials and the input lysate were isolated and used for qRT-PCR
reaction using the NA gene strand-specific primers to quantify VRNAs and cRNAs. Results
are shown as averages with standard deviations of VRNA/CRNA ratios (n = 4 independent

experiments, mean * s.d. ** £<0.001).
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Figure 5. Co-localization of Rab11 with cytoplasmic NP and M1
Cells infected with WSN for 15 h were processed for IFA with dual staining of NP or M1

(red) with Rab11 (green). Images were obtained using super resolution microscopy with a
100x oil immersion objective. Areas within the white boxes are magnified and shown in the
lower panels. Scale bars are 4 um.
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Figure 6. Co-localization of NP and M1 at various times after infection
Infected cells were fixed and permeabilized at indicated times after infection and processed

for IFA with anti-NP (green channel) and anti-M1 (red channel) mAbs. Images were
obtained using an Olympus F\V1000 confocal microscope with a 60% oil immersion
objective. Histograms indicate the fluorescence intensities of NP and M1 in the area
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represented by the white arrow in the image. The X-axis demonstrates the arbitrary unit of
distance of the marked white arrow. The blue lines indicate the plasma membrane margin,
and the grey line indicates the nuclear margin.
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