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Influenza A viral nucleoprotein interacts with cytoskeleton
scaffolding protein «-actinin-4 for viral replication
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Influenza A virus (IAV), similar to other viruses, exploits the machinery of
human host cells for its survival and replication. We identified a-actinin-4, a
host cytoskeletal protein, as an interacting partner of IAV nucleoprotein
(NP). We confirmed this interaction using co-immunoprecipitation studies,
first in a coupled in vitro transcription-translation assay and then in cells
either transiently co-expressing the two proteins or infected with whole TAV.
Importantly, the NP—actinin-4 interaction was observed in several IAV sub-
types, including the 2009 HINI pandemic virus. Moreover, immunofluores-
cence studies revealed that both NP and actinin-4 co-localized largely around
the nucleus and also in the cytoplasmic region of virus-infected A549 cells.
Silencing of actinin-4 expression resulted in not only a significant decrease in
NP, M2 and NSI viral protein expression, but also a reduction of both NP
mRNA and viral RNA levels, as well as viral titers, 24 h post-infection with
TAV, suggesting that actinin-4 was critical for viral replication. Furthermore,
actinin-4 depletion reduced the amount of NP localized in the nucleus. Treat-
ment of infected cells with wortmannin, a known inhibitor of actinin-4, led to
a decrease in NP mRNA levels and also caused the nuclear retention of NP,
further strengthening our previous observations. Taken together, the results
of the present study indicate that actinin-4, a novel interacting partner of
TAV NP, plays a crucial role in viral replication and this interaction may par-
ticipate in nuclear localization of NP and/or viral ribonucleoproteins.

Structured digital abstract
o NP physically interacts with actinin-4 by anti bait coimmunoprecipitation (1, 2)
e NP and actnin-4 colocalize by fluorescence microscopy (View interaction)

o NP physically interacts with actinin-4 by anti bait coimmunoprecipitation (View interaction)
o NP binds to actinin-4 by anti tag coimmunoprecipitation (1, 2)

o NP physically interacts with actinin-4 by anti bait coimmunoprecipitation (View interaction)
o NP physically interacts with actinin-4 by anti tag coimmunoprecipitation (View interaction)
o NP physically interacts with actinin-4 by anti bait coimmunoprecipitation (View interaction)

o NP physically interacts with actinin-4 by anti bait coimmunoprecipitation (View interaction)
o NP physically interacts with actinin-4 by two hybrid (1, 2)

o NP physically interacts with actinin-4 by anti bait coimmunoprecipitation (View interaction)
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Role of a-actinin-4 in IAV replication

Introduction

Influenza A virus (IAV) is a member of the Ortho-
myxoviridae family comprising of an eight-segmented,
negative sense, single-strand RNA genome. The eight
segments, encapsulated by the nucleoprotein (NP),
encode ~ 13 known proteins [1,2]. TAVs are further
classified on the basis of antigenically different surface
glycoproteins hemagglutinin (HA) and neuraminidase;
17 HA and 10 neuraminidase subtypes have been
described to date.

During infection, IAV proteins interact with numer-
ous host cellular proteins in various subcellular com-
partments and use the cellular machinery for virus
replication. Deciphering the host factors that promote
or inhibit virus replication can provide important
insights into viral pathogenicity, paving the way for
the development of new influenza anti-viral
approaches.

Among all the influenza viral proteins, NP is one
of the most well-known. It is a structural protein
present in abundance inside the virion that forms a
complex with polymerase proteins and the viral RNA
(VRNA) genome. NP is a multifunctional protein
playing important roles in transcription, replication,
morphogenesis and budding of the virus [3]. Hence, it
is pertinent that NP interacts with a multitude of host
proteins to modulate their functions for the benefit of
the virus. To identify host proteins that interact with
NP and other viral proteins of IAV, two technologies
have been extensively used: the yeast two-hybrid
(Y2H) system [4,5] and biochemical purification/MS
[6]. The recently developed RNA interference (RNAIi)
based screening technique is being widely used to
deduce the host cellular pathways and host factors
involved in the IAV replication [7-11]. In the present
study, using the Y2H system, we identified human
a-actinin-4 (referred to subsequently as actinin-4) as a
novel interacting partner of TAV NP. Actinin-4 is a
ubiquitously present, non-muscle isoform of a-actinin
that cross-links F-actin together with other proteins
and keeps the cytoskeleton intact [12]. Out of the
four isoforms of human a-actinin, actinin-1 and acti-
nin-4 are reported to be present in cell protrusions
and cell adhesions of numerous cell types. Actinin-1
and actinin-4 share 80% nucleotide homology and
87% similarity in their amino acid sequence [13].
Actinin-4 is known to be found in tight junctions
[12,14].

There is mounting evidence that actinin, a critical
cytoskeletal component, interacts with many viral pro-
teins. It has been shown that actinin interacts with
NSS5B protein of hepatitis C virus and plays an impor-
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tant role in hepatitis C virus RNA replication [15].
Note worthily, the interaction of actinin-4 with the
Vpx protein of HIV-2 and simian immunodeficiency
virus plays an essential role in transporting Vpx protein
to the host cellular nucleus and aiding Vpx-mediated
nuclear import of pre-integration complex [16].

We have identified host actinin-4 as a novel influ-
enza virus nucleoprotein-interacting partner. The inter-
action between NP and actinin-4 was validated in a
mammalian cell system and shown to be conserved
across several other IAV subtypes, including the 2009
pandemic HINI1 virus. We report that knockdown of
actinin-4 expression reduced viral gene transcription
and replication, indicating that actinin-4 plays a cru-
cial role in influenza viral replication. Our results also
suggest that the NP-actinin-4 interaction may aid
nuclear localization of NP during viral infection, thus
emphasizing the physiological relevance of this associa-
tion. Hence, in the present study, we uncover a central
role of the interaction between IAV nucleoprotein and
host cytoskeletal protein actinin-4 in the viral life
cycle.

Results

Identification of actinin-4 as an interacting
partner of IAV NP, conserved across IAV
subtypes

To identify potential interacting partners of NP of
IAV (A/chicken/Hatay/2004; H5NI1), we screened a
human lung cDNA library using NP as the bait. A
clone encoding amino acids 770-911 of actinin-4 was
obtained as a positive interactor in the screen, which
was confirmed by BLAST analysis (Fig. 1A,B). The full-
length human cDNA of actinin-4 was cloned in-frame
with the activation domain vector pYesTrp2 and co-
transformed with the bait vector pHLZ-NP in the L40
strain of yeast. Furthermore, it tested positive for histi-
dine prototrophy and [B-galactosidase activity
(Fig. 1C), confirming that influenza nucleoprotein
interacted with full-length actinin-4 protein.

The NP-actinin-4 interaction was validated by per-
forming a co-immunoprecipitation assay. His-tagged
NP and HA-tagged actinin-4 proteins were expressed
using in vitro coupled transcription—translation rabbit
reticulocyte lysate system in the presence of [*S]-
methionine. Co-immunoprecipitation of these reac-
tions, as shown in Fig. 1D, validates the interaction
between NP and actinin-4.

To confirm NP-actinin-4 interaction in mammalian
cells, HEK293 cells were transfected with His-tagged
NP (pCDNA-NP-His) and HA-tagged actinin-4
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Fig. 1. IAV NP interacts with actinin-4. (A) pHybLexA/ | pYESTrp2 _ _
A representation of the Y2H screening of Zeo
the lung cDNA library using NP as the bait
protein. The filter B-gal assay for clone 60- ;:gmfx” RYESTIp2 - - L
1 is shown in the last column. (B) The C
putative interacting cDNA clones were pHybLexA/Zeo-NP + pYESTrp2-
subjected to DNA sequencing followed by pHybLexA/ | pYESTrp2- - - Clone 60-1
BLAST analysis to identify their insert. The Zeo Clone 60-1
T h d th inin-4 h pHybLexA/Zeo-NP + pYESTrp2-
BLAST results showed that actinin-4 has actining
100% homology to the sequenced cDNA e
clone. (C) The full-length actinin-4 was also pHybLexA/ | pYESTrp2- + + ; pHybLexAZeo-M2+ pYESTrp2-
hecked for histidi totrooh h Zeo-NP Clone 60-1 actinin4 lrrelevant bait
checked for histidine prototrophy, where pHybLexA/Zeo-Fos + pYESTrp2-Jun
pHLZ-Fos and pYESTrp2-Jun were used as Positive control
a positive control and empty pHLZ and pHybLexA! | pYESTrp2- § +
pYESTrp2 were used as a negative Zeo-Fos Jun pHybLexA/Zeo + pYESTIR2
Negative control
control; pHLZ-M2 and pYESTrp2 were also
used as negative control. (D) Tagged D 10%linput IP a-His IPa -HA
proteins NP-His and actinin-4-HA were r ) NP + NP +
translated in vitro with [*®S] methionine . NP  actinin-4actinin- NP actinin-4 actinin-
actinin- NP . 4
labelling, as shown on the left, and were 3
immunoprecipitated with anti-His serum in
104 kDa—*> comm——
lanes 1, 2 and 3 and with a-HA antibody in Wiy o
lanes 4, 5 and 6. The samples were
analyzed by SDS/PAGE followed by
autoradiography. Arrowheads on the left 55 kDa—*> N - -
indicate the bands of NP and actinin-4. (E)
HEK293 were transfected with the NP-His NP +
gene cloned into pCDNA 3.1 and full- E NP actinin-4  actinin-4
length human actinin-4 gene cloned into
— e ——
the pCMX plasmid, and the cell lysates of 104 kDa WBa -HA
trgnsfecFed. cells were |mmunopre0|p|tated O IP a -His
with anti-His serum, subjected to SDS/ la o dflE . | WB a -HA
PAGE, and detected by western blot
and detectec by W EEKDa | w—— WB a -His
analysis using anti-HA serum.

(pCMX-actinin-4-HA) expressing constructs, either
alone or together. His-tagged NP and HA-tagged acti-
nin-4 expression was confirmed as shown in Fig. 1E
(top two panels). Immunoprecipitation analysis using
anti-His serum followed by immunoblotting with anti-
HA serm confirmed the interaction of actinin-4 with
NP (Fig. 1E) (bottom panel). Collectively, these results
indicate that actinin-4 indeed interacts with NP in
yeast, cell-free systems and mammalian cells.

To determine whether NP and actinin-4 interact
during IAV infection, lung epithelial A549 cells were
infected with A/Puerto Rico/8/34 virus (HINI; PRS)
at a multiplicity of infection (MOI) of 1. Twenty-four
hours post-infection (p.i.), cells were harvested and
lysates were subjected to immunoprecipitation using
antibodies specific for NP and actinin-4. NP of PRS
virus co-precipitated with actinin-4 and, reciprocally,

FEBS Journal 281 (2014) 2899-2914 © 2014 FEBS

actinin-4 was co-precipitated with NP (Fig. 2A, panels
1 and 2). Figure 2A (panels 3 and 4) also shows
immunoprecipitation of NP and western blotting with
anti-NP serum and immunoprecipitation of actinin-4
and western blotting with anti-actinin-4 serum, respec-
tively. As shown in Fig. 2A (panels 7), actinin-4 does
not interact with M2, another influenza A viral pro-
tein, in PRS8 infected cells, thus authenticating the
specificity of interaction between NP and actinin-4.
Significantly, the NP-actinin-4 interaction was also
confirmed in A549 cells infected with other IAV sub-
types of avian and human origin, including the highly
pathogenic avian influenza virus A/Vietnam/1203/04
(H5N1) and the 2009 pandemic virus A/California/08/
2009 (HIN1) (Fig. 2B), suggesting that the actinin-4-
NP interaction is conserved across multiple subtypes
of influenza viruses.
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Fig. 2. IAV nucleoprotein from several strains interacts with actinin-4 in infected A549 cells. (A) Lung epithelial A549 cells were infected
with PR8 at a MOl of 1 for 24 h and the lysates were harvested for co-immunoprecipitation assays. Panels 1 and 2 show
immunoprecipitation of NP followed by western blotting with anti-actinin-4 serum and vice versa. Panels 3 and 4 show immunoprecipitation
and western blotting with NP and anti-actinin-4 sera. Panels 5, 6 and 9 show western blotting with anti-NP, anti-actinin-4 and anti-p-actin
sera. Panel 7 and 11 show immunoprecipitation with M2 (another IAV protein) followed by western blotting with anti-actinin-4 and M2 sera,
respectively, and panel 8 shows western blotting with anti-M2 serum. Panel 10 shows the isotype control. (B) Ab49 cells were infected
with the indicated strains of IAV at a MOI of 1 for 24 h. The cell lysates were subjected to immunoprecipitation with anti-NP serum
followed by western blotting with anti-actinin-4 serum (panel 1) and western blotting with anti-NP serum (panel 2).

Role of actinin-4 in subcellular localization of NP
during infection

To determine the site and kinetics of co-localization of
NP and actinin-4 during infection, we performed
immunofluorescence studies. Accordingly, A549 cells
infected with PR8 at a MOI of 5, were harvested 5 h
p-, and subjected to immunofluorescence analysis. As
shown in Fig. 3A, NP and actinin-4 co-localized
majorly around the nucleus at 5 h p.i. and at 24 h p.i.,
in the cytosol (Fig. 3B). Mock-infected cells are shown
in Fig. 6E. The data collected from five different inde-
pendent cells, as shown in Fig. 3C, are represented
graphically, where Pearson’s coefficient has been used
as a quantitative measure of degree of co-localization
between NP and actinin-4.

To explore further the significance of NP-actinin-4
co-localization, we examined the effect of actinin-4
depletion on NP localization. A549 cells transfected
with either nontargeting (NT) short interfering RNA
(siRNA) or actinin-4-specific siRNA for 24 h, were
infected with PR8 at a MOI of 1 for 24 h. Subsequent
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to subcellular fractionation, nuclear and cytoplasmic
fractions were checked for the presence of actinin-4 and
NP by western blot analysis. Intriguingly, siRNA-medi-
ated silencing of actinin-4 expression led to a significant
reduction in the amount of NP protein in the nuclear
fraction compared to control (Fig. 4A). To analyze this
further, we depleted the A549 cells of actinin-4 by treat-
ing them with actinin-4 siRNA, followed by infection
with PR8 at a MOI of 1 and observed the significantly
reduced localization of NP in nucleus compared to con-
trol siRNA wusing an immunofluorescence assay
(Fig. 4B). Viability of the actinin-4 siRNA-treated
A549 cells was determined 24 h p.i. by measuring the
cytotoxicity in the gene-specific siRNA versus the NT
siRNA. The results illustrated in Fig. 4C show that
actinin-4 specific siRNA-treated cells were ~ 84% via-
ble compared to transfection reagent control.
Wortmannin, an inhibitor of actinin-4, is known to
cause dissociation of actinin-4 from the cytoskeleton
and its steady translocation into the nucleus [12]. To
analyze the influence of actinin-4 subcellular localization

FEBS Journal 281 (2014) 2899-2914 © 2014 FEBS
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Fig. 3. IAV nucleoprotein co-localizes with actinin-4 majorly around the nucleus and in the cytosol. A549 cells were infected with PR8 at a
MOI of 5 and cells were fixed at 5 and 24 h p.i. (A, B) and stained with DAPI for the nucleus (blue), with goat anti-mouse serum conjugated
to Alexa 488 for NP (green), and with goat anti-rabbit serum conjugated to Alexa 594 for actinin-4 (red). Graphical representation of
Pearson’s coeffiecient for five independent cells at 5 and 24 h p.i. (C). Scale bar = 20 pwm.

on NP localization, we treated A549 cells with either
dimethylsulfoxide (DMSO) or 10 um wortmannin for
16 h followed by infection with PR8 at a MOI of 5
and assessed NP localization using an immunofluores-
cence assay. Figure SA,B shows that there was
increased retention of NP in the nucleus in wortman-
nin-treated cells even after 8 and 24 h p.i. compared to
the dimethylsulfoxide-treated cells, where NP showed
localization in both nuclear and cytoplasmic compart-

FEBS Journal 281 (2014) 2899-2914 © 2014 FEBS

ments. The effect of wortmannin on the dissociation of
actinin-4 from the cytoskeleton and translocation into
the nucleus is shown in Fig. 5C.

IAV enhances actinin-4 mRNA and protein
expression levels in infected cells

Because our results indicated that NP of IAV and acti-
nin-4 were interacting as well as co-localizing in the

2903
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cellular milieu, we next aimed to investigate the effect
of TAV infection on actinin-4 expression. Accordingly,
we examined the effects of the virus dose and the
duration of infection on actinin-4 mRNA and protein
expression p.i. Significant and progressive increases in
the levels of actinin-4 mRNA and protein were
observed upon infecting A549 cells with PRS8 virus at
increasing MOIs (Fig. 6A,B). In addition, a time-
dependent increase up to 24 h was observed in the rel-
ative mRNA levels of actinin-4 when cells were
infected at a given MOI (Fig. 6C). The increase in
actinin-4 mRNA levels also corresponded with ele-
vated levels of actinin-4 protein expression (Fig. 6D).
Collectively, these results suggest that virus dose and
the duration of infection up-regulate actinin-4 expres-
sion, at both the protein and mRNA level.
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a MOI of 1 and the cells were fractionated
into cytosolic and nuclear fractions 24 h
p.i. The amount of actinin-4, GAPDH, NP
and HDAC1 in the cytosol and nuclear
fractions was assessed by western
blotting with anti-actinin-4, anti-GAPDH,
anti-NP and anti-HDAC1 sera, respectively.
The fold change in the expression levels
of different proteins is shown as bar
diagram (extreme right). (B) A549 cells
were transfected with either NT or actinin-
4 siRNA followed by infection with PR8 at
a MOI of 1. The cells were fixed at 24 h
p.i. NP was detected using goat anti-
mouse-antibody conjugated to fluorescein
isothiocyanate. Scale bar = 10 um. (C)
AbB49 cells cultured in 96-well plate were
transfected with 120 nm actinin-4 siRNA or
control siRNA (NT) or with transfection
reagent only. Cell viability was determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide assay 24 h
after transfection.

Actinin-4 is required for IAV replication

To understand the physiological relevance of the NP-
actinin-4 interaction, we examined the consequences of
inhibiting actinin-4 expression on viral replication.
A549 cells were treated with either NT or actinin-4
siRNA for 24 h and then infected with PRS8 virus.
Silencing of actinin-4 expression was confirmed by
quantitative PCR and western blot analyses (Figs 7A
and 8A).

Because mRNA and vVRNA levels are the hallmarks
of viral gene transcription and replication, we mea-
sured these parameters by quantitative PCR. Silencing
of actinin-4 led to a significant reduction in the levels
of NP mRNA and vRNA in virus-infected A549 cells
(Fig. 7B,C). Interestingly, a maximum reduction of

FEBS Journal 281 (2014) 2899-2914 © 2014 FEBS
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A
DMSO
24 h.p.i
Wortmannin
24 h.p.i
B
DMSO
8 h.p.i
Wortmannin
8 h.p.i
(o
Fig. 5. Wortmannin modulates the IAV
replication and causes retention of NP in DMSO
the nucleus. Ab49 cells were treated with 24 h.p.l
dimethylsulfoxide (DMSO) and 10 pm
wortmannin for 16 h, followed by infection
with PR8 at a MOI of 5. The cells were
fixed at eight (A) and 24 h p.i. (B, C).
Nuclei were stained with DAPI (Blue). NP
was detected using goat anti-mouse- Wortmannin
conjugated to Alexa 488 (green). Actinin-4 24 h.p.i

was detected using goat anti-rabbit-
conjugated to Alexa 594 (red). Scale
bar = 10 pm.

approximately three- and five-fold was observed in
both mRNA and vRNA levels, respectively, at 6 h
p.i., consistent with the maximum silencing of actinin-
4 mRNA levels observed at the same time point p.i.
However, an absence of actinin-4 in IAV infected cells
did not have significant effect on the NS1 mRNA lev-
els at up to 6 h p.i. (Fig. 7D). At 8 h p.i., relative NS1
mRNA levels decreased by almost two-fold in actinin-
4 depleted AS59 cells, which may be attributed to a

FEBS Journal 281 (2014) 2899-2914 © 2014 FEBS
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NP >

actinin4

reduction in viral titers (Fig. 8B). Thus, it is suggested
that the depletion of actinin-4 has a profound effect
on NP mRNA and vRNA specifically at early time
points.

In view of the significant effect of wortmannin on
actinin-4, we challenged A549 cells with 10 um wort-
mannin for 16 h followed by infection with PRS virus
at a MOI of 1 for 24 h. In agreement with our previ-
ous observations, a significant five-fold decrease was
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Fig. 6. AV infection enhances actinin-4 expression. (A) Ab49 cells were infected with PR8 at a MOI of 0.5, 1 and 5 for 24 h. Total RNA
was isolated for estimation of actinin-4 mRNA levels using real-time PCR with specific primers (B), and whole-cell lysates from the same
samples were resolved on SDS/PAGE for detection of actinin-4 and GAPDH. (C) A549 cells were infected with PR8 at a MOI of 1 and
samples were harvested at 4, 8, 16 and 24 h p.i. Total RNA was isolated for estimation of actinin-4 mRNA levels by real-time PCR using
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observed in NP mRNA levels in 10 umM wortmannin
treated-infected cells compared to dimethylsulfoxide
treated-infected cells (Fig. 7E).

To assess the role of actinin-4 in virus replication in
more detail, we investigated its effect on IAV replicase
activity. A549 cells were mock-treated or treated with
either NT siRNA or actinin-4 siRNA followed by co-
transfection with plasmids encoding PR8 polymerase
complex genes PB2, PBI, PA and NP in conjunction
with a reporter plasmid containing the UTR of the NS1
segment upstream of the luciferase gene driven by the
human RNA pol I promoter. Figure 7F shows that
there was a five-fold reduction in replicase activity upon
silencing actinin-4 compared to NT siRNA treatment.
Additionally, as shown in Fig. 7G, NP levels were
reduced in actinin-4 depleted cells. These results strongly
suggest that actinin-4 is essential for IAV replication.
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Because actinin-4 expression appeared to be crucial
for both viral transcription and replication, we next
studied the effect of actinin-4 on the expression of
viral protein levels. Western blot analysis of whole cell
extracts of infected cells demonstrated a substantially
lower expression of NP, NSland M2 when actinin-4
expression was knocked down (Fig. 8A).

To assess the effect of actinin-4 on viral replication
in greater detail, we performed a plaque assay.
Accordingly, A549 cells were transfected with either
NT siRNA or actinin-4 siRNA followed by infection
with influenza A PR8 virus at a MOI of 1. In agree-
ment with our observations for the viral replicase
assay, there was a significant decrease in the viral titers
especially at 16 and 24 h p.i. in supernatants from cells
treated with actinin-4 siRNA compared to those trea-
ted with NT siRNA. Furthermore, the silencing of
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Fig. 8. Silencing actinin-4 inhibits viral replication and protein synthesis. (A) A549 cells were transfected with NT or actinin-4-specific siRNA
for 24 h followed by infection with PR8 virus at a MOI of 1. The cells were harvested in Laemmli buffer, and samples from the cell extracts
were analyzed by SDS/PAGE and western blotting with anti-NP, anti-NS1, anti-M2 and anti-B-actin sera. Fold change in the expression levels
of different proteins are shown below each panel. (B) A549 cells were transfected with NT and actinin-4 siRNA followed by infection with
PR8 virus at a MOI of 1, and aliquots of the supernatants were collected at the indicated time points after infection in MDCK cells followed
by determination of viral titers by a plaque assay. Whole cell extracts from same samples were also subjected to SDS/PAGE to confirm
silencing of actinin-4 at various time points. (C) A549 cells were treated with dimethylsulfoxide and 10 um wortmannin for 16 h, followed by
infection with PR8 virus at MOI of 1, and aliquots of the supernatants were collected at 24 h p.i. and were infected in MDCK cells followed
by determination of viral titers by plaque assay. The fold change in the expression levels of different proteins is shown below each panel.
The data in (B) and (C) are shown as the mean + SD of three independent experiments. Statistical significance: #P < 0.05 and *P < 0.01.

actinin-4 expression was confirmed by western blot
analysis (Fig. 8B). Complementing these observations,

These findings suggest that actinin-4 is required for
viral protein synthesis and replication.

the titers of IAV were remarkably decreased on treat-
ing the cells with 10 pm wortmannin followed by infec-
tion with PRS8 virus at a MOI of 1 (Fig. 8C).

Next, we aimed to determine the effect of actinin-4
depletion on the infectivity of cells during virus infec-
tion at 8 and 24 h p.i. Compared to 18% and 29% of
cells infected in the control at 8§ and 24 h p.i., respec-
tively, only 5.5% and 11.5% of cells were infected in
the actinin-4 siRNA treatment (Fig. 9A). Silencing of
actinin-4 at the two time points is shown in Fig. 9B,C.
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Taking all of the above findings together, the pres-
ent study unravels a novel and crucial role of actinin-4
in various stages of the IAV life cycle, including viral
transcription, translation of viral proteins and viral
replication.

Discussion
Exploitation of the host cellular machinery is a key to

the successful replication of TAVs. Accordingly, the
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Fig. 9. Silencing actinin-4 has inhibitory effect on influenza virus A
infection in A549 cells. A549 cells were transfected with either NT
or actinin-4 siRNA followed by infection with PR8 at a MOI of 1.
The cells were fixed at 8 and 24 h p.i. NP was detected using goat
anti-mouse-serum conjugated to fluorescein isothiocyanate. The
percentage of virus-infected cells as determined by NP-expression
was visualized and represented graphically. (B) AbB49 cells
transfected with either NT or actinin-4 siRNA followed by infection
with PR8 at a MOI of 1 were harvested at 8 h and (C) 24 h p.i.
The lysates were resolved on SDS/PAGE and immune-probed for
actinin-4 and GAPDH proteins using their respective antibodies.
The fold change in the expression levels of different proteins is
shown below each panel. The data in (A) are shown as the
mean + SD of three independent experiments. Statistical
significance: *P < 0.01.

virus employs its proteins to interact with and manipu-
late the functions of host proteins. In agreement with
this concept, several studies have shown that influenza
NP interacts with a number of host cell proteins,
including actin, CRM-1, BAT1/UAPS56, importin ol
and NF-90 [17-21].

Y2H screening analysis is a traditional method of
choice for exploring the interacting partners of critical
proteins. Y2H has been validated, modified and
improved, making its utility more far-reaching. Com-
pared to the conventional method of Y2H, the newly-
introduced RNAIi screens are only beginning to be
employed for mapping cellular interactomes of impor-
tant proteins. Using high-throughput RNAIi screens,
~ 1449 human genes have been identified as potential
host factors involved in influenza virus replication [22].
However, most of these interactions between viral and
host proteins have not been validated under conditions
of infection, nor has their physiological relevance been
unravelled. By contrast, Y2H screens with NP as a
bait protein have revealed Hsp40 [4], karyopherinalpha
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[23] and clusterin [24] as unique host-interacting part-
ners, and the functional significance of each of these
interactions has been well-documented. Using the Y2H
system, we identified actinin-4 as an interacting partner
of NP. For the first time, the present study provides
evidence that actinin-4, a key cytoskeletal component,
interacts with NP, facilitates its intercompartmental
localization and promotes viral replication. We vali-
dated this interaction in a cell-free translation system,
by transfection of mammalian cells, as well as in IAV-
infected cells. We found that this interaction was well
conserved across different subtypes of influenza
viruses, ranging from seasonal viruses to the current
pandemic HINI strain, signifying that the interaction
between NP and actinin-4 is very important, irrespec-
tive of the IAV strain.

It is well established that viruses manipulate the actin
cytoskeleton to facilitate viral entry, endocytosis, repli-
cation, egress and cell-to-cell spread, and thus depend
on molecular interactions with host cytoskeletal pro-
teins [25,26]. Hepatitis C virus and coronaviruses
exploit the cytoskeleton for replication and budding,
respectively [27,28]. Measles virus exploits the cytoskel-
eton on entering the host cell to transport its core pro-
tein to the perinuclear region, where it replicates [29].
Digard et al. [17] identified F-actin as a host protein
that interacts with IAV NP, facilitating cytosolic reten-
tion during the later stages of infection [17].

Actinin-4, a 110-kDa protein (911 amino acids) is a
highly conserved protein that belongs to the spectrin
family and contains a calpolin homology domain fol-
lowed by spectrin repeats. It connects the actin cyto-
skeleton to membrane and focal adhesions, thus
regulating cell motility [30]. The clone identified by
Y2H screening contained a 770-911 amino acid region
of human o actinin-4 that corresponds to the spectrin
repeat region-4 in the full-length protein, emphasizing
the significance of these repeats not only for regulating
the host cytoskeleton, but also for host-viral crosstalk.
Recently, actinin-4 was also shown to function as a co-
activator in the regulation of transcription networks to
control cell growth [31]. These functions make o-acti-
nin protein indispensable for cell survival [13]. There-
fore, it is advantageous for pathogen-encoded proteins
to interact with this cytoskeleton protein to replicate
in the cell.

We next investigated cellular localization of this inter-
action during infection, and found that these proteins
primarily co-localize around the nucleus of the cell at
5 h p.i.; however, by 24 h p.i., both proteins predomi-
nantly co-localize in the cytoplasm. Upon IAV infec-
tion, actinin-4 was observed to accumulate increasingly
around the nucleus (white arrows) compared to the

2909



Role of a-actinin-4 in IAV replication

uninfected cell (yellow arrows) (Fig. 6E,F). Based on
this observation, it can be hypothesized that the increase
in the expression of actinin-4 may be attributed to the
transport of NP across the nucleus. Because we
observed co-localization of these two proteins in the
cytoplasm, we examined changes in the localization of
NP in the absence of actinin-4. Notably, NP was
retained in the cytoplasm with reduced transport to the
nucleus. In support of this observation, actinin-4 is
known to shuttle between the nucleus and cytoplasm
and is imported into the nucleus through the nuclear
pore complex in an import-independent manner [32].
Therefore, our data suggest that actinin-4 might be
involved in facilitating shuttling of NP/viral ribonucleo-
proteins across subcellular compartments to promote
virus replication. Because actinin-4 is known to interact
with actin within the cytoskeletal framework, it is possi-
ble that the shuttling of NP between the nuclear and
cytoplasmic compartments may involve the formation
of a ternary complex of NP, actinin-4 and actin. The
retention of NP inside the nucleus as a result of the
migration of actinin-4 from the cytoskeleton to the
nucleus on treating the cells with wortmannin furthered
our hypothesis. These possibilities remain to be exam-
ined more carefully.

Interestingly, the virus dose as well as the duration
of infection elevates the expression of actinin-4, which
is consistent with observations showing that viral
infection alters the expression of host cell proteins
involved in protein synthesis, transcriptional regulation
and signaling [33-35]. The increase in expression of
actinin-4 can be attributed to the transport of NP
across the nucleus.

We also have shown that, on silencing actinin-4,
there was a notable reduction in the vVRNA and mRNA
levels of IAV NP and protein levels of NP, NSI1 and
M2, suggesting a likely role of actinin-4 in IAV replica-
tion and transcription. It is conceivable that the reduc-
tion in viral titers leads to a commensurate decrease in
the viral protein translation in actinin-4 depleted cells.
The reduction in replicase activity of the polymerase in
actinin-4 depleted cells further strengthens our hypoth-
esis that actinin-4 plays a direct or indirect role in the
replication of influenza life cycle. This is also consistent
with previous studies showing that actinin-4 interacts
with several transcription factors, including the RelA/
p65 subunit of transcription factor NF-xf in the
nucleus, cytoplasm and mRNA processing [36-40].

Further studies are needed to define the molecular
mechanisms by which the NP-actinin-4 interaction
controls viral replication and transcription. An under-
standing of the mechanisms may provide insights with
respect to developing novel anti-viral therapeutics.
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Experimental procedures

Cells and cell lines and viruses

HEK?293 cells and A549 cells were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA) and
maintained in acordance with the manufacturer’s instruc-
tions. A/Puerto Rico/8/34 (PR8) influenza virus strain was
used at a MOI of 1 unless specified otherwise and the influ-
enza virus strains used in the co-immunoprecipitation
experiment are listed in Table 1.

Plasmid constructs, antibodies and siRNA

The NP gene of H5N1 A/Hatay/2004 isolate was cloned
into pCDNAZ3.1-His plasmid to be used as bait vector for
co-immunoprecipitation studies. Full-length human actinin-
4 gene cloned into the pCMX plasmid, which was provided
by Hung-Ying Kao, Department of Biochemistry, School
of Medicine, Case Western Reserve University, Cleveland,
OH, USA [41]. Anti-NP serum was obtained from the
Immunology and Pathogenesis Branch, Influenza Division,
Centres for Disease Control and Prevention (Atlanta, GA,
USA). Anti-actinin-4 serum was purchased from Enzo Life
Sciences Inc (Farmingdale, NY, USA). Anti-HA and Anti-
His sera were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). Anti-B-actin serum was pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Pool of
gene-specific siRNAs against actinin-4 was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
Renilla luciferase assay system kit was obtained from Pro-
mega Corp. (Madison, WI, USA).

Y2H screening

The Lex A based screening system (Hybrid hunter, version
F), comprising Saccharomyces cerevisiae strain L40 [MATa
his3A200 trpl-901 leu2-3112 ade2 LYS2::(4lexAop-HIS3)
URA3::(8lexAop-lacZ) GAL4], and pHybLexA/Zeo and
pYesTrp2 as binding domain and activation domain vec-

Table 1. IAVs used in the present study.

Strains used for infection Genbank ID

1 Influenza A/Wisconsin/67/2005 (H3N2) EU097866.1
(seasonal flu)

2 Influenza A/Solomon Islands/3/2006 (HTN1) CY047398.1
(seasonal flu)

3 Influenza A/California/08/2009 (H1N1) FJ984366.1
(pandemic flu)

4 Influenza A/Nietnam/1203/2004 (H5N1) AY651499.1
(avian flu)

5 Influenza A/Hong Kong/482/97 (H5N1) AF255745.1
(avian flu)
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tors, respectively, and human lung cDNA library cloned in
pYesTrp2, was purchased from Invitrogen (Carlsbad, CA,
USA). Screening was performed in accordance with the
manufacturer’s instructions. The bait plasmid was con-
structed by cloning IAV NP coding sequence in-frame with
the LexA DNA binding domain in pHybLexA/Zeo. PHyb-
LexA/Zeo-NP was co-transformed with cDNA library in
L40 and co-transformants were selected for the activation
of two reporter genes, HIS3 and LacZ. The strength of the
interaction in selected co-transformants was assessed by
their ability to grow on His"Trp~ and Zeo " YC media sup-
plemented with 5 mm AT (3-amino-1,2,3-trizole, competi-
tive inhibitor of HIS3) and for positivity of a filter B-
galactosidase activity assay. Plasmids were isolated from
positive co-transformants and shuttled into Escherichia coli
DH5a and sequenced. The sequence obtained was analyzed
by BLAST to identify the insert. L40 co-transformed with
pHybLexA/Zeo-Fos and pYesTrp2-Jun was used as a posi-
tive control and L40 co-transformed with pHybLexA/Zeo
and pYesTrp2 was used as a negative control for the library
screening [42].

Western blot analysis

Cells were treated with lysis buffer (50 mm Tris, pH 7.5,
150 mm NaCl, 1 mm EDTA, 0.1% Triton X-100) supple-
mented with complete protease-inhibitor mixture purchased
from Santa Cruz Biotechnology and the lysates thus
obtained were subject to SDS/PAGE.

Co-immunoprecipitation

Cells were harvested in the above mentioned lysis buffer,
and cell lysates were incubated with the primary antibody
overnight followed by a 90-min incubation with protein A
Dynabeads purchased from Invitrogen. The beads were
washed three times with chilled NaCl/Pi, resuspended in
laemmli buffer, boiled for 10 min and the beads were spin
down. Supernatants were subjected to western blotting
[43].

Cell viability assay

A549 cells were seeded at 10 000 cells-well ™' in a 96-well
dish. After adherence, they were treated with either NT or
actinin-4  specific siRNA for 24 h. Subsequently,
200 pg-uL~" of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tet-
razolium bromide solution/well was added and incubated
at 37 °C for 30 min to allow for the formation of forma-
zan. The medium was removed, and 200 pL of dimethyl-
sulfoxide was added to each well to dissolve the formazan.
Absorbance was measured on an ELISA plate reader with
a test wavelength of 570 nm and a reference wavelength of
630 nm to obtain sample signal (As70—Ag30). Dimethylsulf-
oxide was used as a reference.

FEBS Journal 281 (2014) 2899-2914 © 2014 FEBS

Role of a-actinin-4 in AV replication

Immunofluorescence microscopy

A549 cells infected with PR8 influenza virus at a MOI of 5
were fixed at different time points in NaCl/P; with 2%
paraformaldehyde for 20 min at room temperature, per-
meabilized with 0.4% Triton X-100 in NaCl/P; for 15 min
at room temperature, and blocked with NaCl/P; containing
5% bovine serum albumin. Immunostaining was performed
using mouse anti-NP and rabbit anti-actinin-4 sera.
Unbound-antibodies were washed away with NaCl/P; con-
taining 0.5% tween-20 and incubated with goat anti-rabbit
Alexa 488 and Goat anti-mouse Alexa 594 conjugated sera
purchased from Invitrogen. The nucleus was stained with
4’ 6-diamidino-2-phenylindole (DAPI). Slides were observed
at x 60 magnification using a confocal microscope (AIR;
Nikon, Tokyo, Japan).

Quantification of NP mRNA and vRNA by
qunttaitative PCR

Total RNA from cells was extracted using the RNeasy Mini
Kit from Qiagen (Hilden, Germany), and 2 pg of RNA was
reverse-transcribed using the ThermoScript RT-PCR System
(Invitrogen) in a volume of 20 pL after Dnase I treatment.
The resulting cDNA was diluted 1 : 10 and 5 pL was used
in a SYBR Green (SA Biosciences, Valencia, CA, USA)
based real-time PCR reaction in a volume of 25 puL using a
Mx3000 real-time PCR instrument (Stratagene, Santa Clara,
CA, USA). Primers used for real-time RT-PCR were acti-
nin-4 primers, forward GTT CTC GAT CTG TGT GCC
TG, actinin-4 reverse GAC CTG CTG CTG GAC CC; the
housekeeping gene was B-actin with primers, forward ACC
AAC TGG GAC GAC ATG GAG AAA, reverse TAG
CAC AGC CTG GAT AGC AAC GTA; GAPDH primers,
forward TCA CTG CCA CCC AGA AGA CTG, reverse
GGA TGA CCT TGC CCA CAG C, and NP vRNA pri-
mer, CTC GTC GCT TAT GAC AAA GAA G, NP gene
primers (for mRNA), forward CTC GTC GCT TAT GAC
AAA GAA G, reverse AGA TCA TCA TGT GAG TCA
GAC, and NSI1 gene primers (for mRNA) forward CAG
GAC ATA CTG ATG AGG ATG, reverse GTT TCA
GAG ACT CGA ACT GTG were used to normalize the Ct
values obtained in the real-time PCR reactions, which were
then used to calculate fold changes compared to the unin-
fected sample using the AACt method [44].

Silencing of actinin-4

A549 cells were plated at a density of 10° per well in a six-
well plate were transfected with 120 nm NT siRNA or
gene-specific sSiIRNA targeted against actinin-4 24 h before
infection with A/PR/8/34 at a MOI of 1. The actinin-4 siR-
NA concentration used was optimized to be 120 nm in
A549 cells. Cells were harvested 24 h p.i. and analyzed by
western blotting with the respective antibodies.
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Plaque assay

A549 cells were treated with NT or actinin-4 siRNA and
were then infected with PRS at a MOI of 1. Supernatants
collected after 24 h were analyzed for virus growth by pla-
que assay using Madin—Darby canine kidney (MDCK)
cells.

Luciferase reporter assay

Full-length genomic segments of PB2, PB1, PA and NP
derived from PR8 were cloned in pCDNA3.1. A549 lung
epithelial cells were pre-treated with NT siRNA and acti-
nin-4 siRNA. Components of influenza polymerase PB2,
PBI, PA and NP were transfected along with luciferase
reporter plasmid, which contains noncoding sequences from
the NSI1 segment of IAV and the luciferase gene driven by
Pol I, 24 h post-transfection of siRNA [45].

Protein subcellular fractionation analysis

1 x 10° A549 cells were infected with IAV and then
washed with NaCl/P;, and cells were fractionated into cyto-
sol, membranes, nuclei and cytoskeleton using the Q prote-
ome cell compartment kit (Qiagen) in accordance with the
manufacturer’s instructions, and then one-fifth of each frac-
tion was subjected to western blotting. The fractions were
analyzed to detect GAPDH and HDACI proteins as the
controls for cross-contamination during the cell fraction-
ation procedure, followed by re-probing with the respective
antibodies on the same membrane.

Statistical analysis

Data are expressed as the mean + SE. Means were com-
pared by one-way analysis of variance followed by Fisher’s
protected least significant difference test to assess specific
group differences. P < 0.05 was considered statistically sig-
nificant.
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