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ABSTRACT

Influenza A viruses (IAV) replicate their segmented RNA genome in the nucleus of infected cells and utilize caspase-dependent
nucleocytoplasmic export mechanisms to transport newly formed ribonucleoprotein complexes (RNPs) to the site of infectious
virion release at the plasma membrane. In this study, we obtained evidence that apoptotic caspase activation in IAV-infected
cells is associated with the degradation of the nucleoporin Nup153, an integral subunit of the nuclear pore complex. Transmis-
sion electron microscopy studies revealed a distinct enlargement of nuclear pores in IAV-infected cells. Transient expression and
subcellular accumulation studies of multimeric marker proteins in virus-infected cells provided additional evidence for in-
creased nuclear pore diameters facilitating the translocation of large protein complexes across the nuclear membrane. Further-
more, caspase 3/7 inhibition data obtained in this study suggest that active, Crm1-dependent IAV RNP export mechanisms are
increasingly complemented by passive, caspase-induced export mechanisms at later stages of infection.

IMPORTANCE

In contrast to the process seen with most other RNA viruses, influenza virus genome replication occurs in the nucleus (rather than the
cytoplasm) of infected cells. Therefore, completion of the viral replication cycle critically depends on intracellular transport mecha-
nisms that ensure the translocation of viral ribonucleoprotein (RNP) complexes across the nuclear membrane. Here, we demonstrate
that virus-induced cellular caspase activities cause a widening of nuclear pores, thereby facilitating nucleocytoplasmic translocation
processes and, possibly, promoting nuclear export of newly synthesized RNPs. These passive transport mechanisms are suggested to
complement Crm1-dependent RNP export mechanisms known to occur at early stages of the replication cycle and may contribute to
highly efficient production of infectious virus progeny at late stages of the viral replication cycle. The report provides an intriguing ex-
ample of how influenza virus exploits cellular structures and regulatory pathways, including intracellular transport mechanisms, to
complete its replication cycle and maximize the production of infectious virus progeny.

Influenza A viruses (IAV) are RNA viruses that belong to the
Orthomyxoviridae family. The viruses pose a major threat to

human health, causing severe and potentially fatal respiratory dis-
ease if the infection proceeds to the lower airways (1–3). The IAV
genome is comprised of eight single-stranded RNA segments of
negative polarity (viral RNA [vRNA]), which together encode at
least 10 proteins. Viral genome replication and transcription oc-
cur in the nucleus of the infected cell and are mediated by a het-
erotrimeric RNA-dependent RNA polymerase (RdRp) complex
comprised of subunits PB1, PB2, and PA. The combination of
vRNA with the RdRp and the nucleoprotein (NP) forms the viral
ribonucleoprotein complex (RNP). Viral genome replication and
transcription take place in the nucleus and therefore depend on
regulated bidirectional transport of RNPs across the nuclear en-
velope. After virus entry via endocytosis and fusion of viral and
endosomal membranes, viral RNPs (vRNPs) are released into the
cytoplasm and subsequently imported into the nucleus. Following
viral replication in the nucleus, newly synthesized RNPs are ex-
ported to the cytoplasm, where they reach the viral assembly sites
at the plasma membrane (for a recent review, see references 2
and 4).

It is now well established that IAV infection induces apoptosis
in cultured epithelial cells and leukocytes, as well as in murine and
human pulmonary cells in vivo (5). Apoptosis is an important,

signal-mediated form of programmed cell death that is commonly
observed in virus-infected cells (6). A variety of cellular signaling
pathways are known to be involved in the initiation of the apop-
totic cascade in IAV-infected cells (for a review, see reference 5). In
the past, apoptosis was generally considered an important host cell
defense mechanism and, in accordance with that assumption, IAV
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and many other viruses have evolved proteins that modulate or
counteract this antiviral cellular response (7–10). Interestingly,
there is now increasing evidence that IAV may also benefit from
proapoptotic signaling, for example, by increasing viral replica-
tion efficiency (reviewed in references 5 and 11).

IAV-infected cells, e.g., human alveolar epithelial cells or alve-
olar macrophages, release proinflammatory and proapoptotic
mediators, such as tumor necrosis factor-related apoptosis-induc-
ing ligand (TRAIL) and FasL (12, 13). These mediators bind to
their cognate receptors and induce the assembly of the death-
inducing signaling complex (DISC) (14). The adaptor molecule,
Fas-associated death domain (FADD), translocates to the DISC
and recruits procaspases 8 and 10, resulting in their autocatalytic
activation. Activated initiator caspases 8 and 10 then trigger a
downstream cascade by proteolytic activation of procaspases 3
and 7. Alternatively, these effector caspases can be activated by the
mitochondrial amplification loop, also called the intrinsic or Bcl-
2-controlled apoptosis pathway. Activation of effector caspases
3/7 leads to cleavage of specific target proteins, to DNA fragmen-
tation, and, finally, to cell death (reviewed in reference 15).
Caspases have a variety of cellular substrates. Of special interest in
the context of this study is the role of caspases in the degradation
of nuclear pore proteins and removal of the nuclear basket that
controls active export functions of the nuclear pore complex
(NPC) (16). NPCs are large, 125-MDa protein assemblies com-
prised of more than 30 proteins called nucleoporins (Nups) that
together form an octagonal symmetrical structure (17–20). The
NPC forms a selective barrier. Small (up to 40-kDa) molecules
may shuttle between the nucleus and cytoplasm by passive diffu-
sion, while larger molecules require active transport mechanisms
involving specific signal sequences (21, 22).

Previous studies have shown that caspase inhibitors (CI) re-
duce the production of infectious IAV progeny, with nuclear re-
tention of viral RNP complexes playing a key role in this inhibition
(23). A subsequent study showed that NF-�B-dependent induc-
tion of TRAIL and FasL enhances IAV replication (24), while, in
similarity to the CI data mentioned above, inhibition of NF-�B
causes nuclear retention of RNPs. Based on these data, it was sug-
gested that IAV-induced NF-�B activation can lead to auto- and
paracrine caspase activation via TRAIL and FasL, which, in turn,
might affect NPC function and thereby promote nuclear RNP
export (11). To date, however, the underlying structural and func-
tional changes that are triggered by IAV-induced caspase activities
and thereby support IAV replication have not been resolved. Also,
these observations need to be reconciled with earlier studies show-
ing that nuclear RNP export depends on Crm1, indicating active
rather than passive transport mechanisms (25). Inhibition of
Crm1 via Leptomycin B (LepB) was previously shown to result in
the retention of IAV RNPs in the nucleus, similarly to what was
observed in CI-treated cells (26, 27). Crm1 (also called expor-
tin-1) is a member of the importin-� family and is critically in-
volved in the transport of a variety of proteins across the nuclear
envelope in both directions (26, 28–30). Notably, Crm1 interacts
in a RanGTP-dependent manner with the nucleoporin Nup153,
which is a caspase substrate (31). Furthermore, it was also shown
that Crm1 is associated with caspase substrate Nup214 (27, 32).

In this report, we provide evidence that, at late stages of the
viral infection cycle, IAV-induced caspase activation causes a wid-
ening of nuclear pores, thereby facilitating the passive transloca-
tion of large protein complexes across the nuclear membrane. Our

data support the idea that, at later stages of the replication cycle,
IAV employ an additional mode of RNP exit from the nucleus
which complements active Crm1-dependent export mechanisms
(26) and ensures efficient production of infectious virus progeny.

MATERIALS AND METHODS
Cells and viruses. Madin-Darby canine kidney II (MDCK-II) and human
lung epithelial cells (A549) were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen). The MCF-7 human mammary gland epi-
thelial cell line was grown in RPMI 1640 medium (PAA), and quail fibro-
blast cell line QT6 was grown in Ham’s F10 (c-c-pro), all containing 10%
fetal calf serum (FCS; PAA) and antibiotics (100 U/ml penicillin and 0.1
mg/ml streptomycin [P/S]). Ham’s F10 was additionally supplemented
with 2 mM L-glutamine (Invitrogen), 1% chicken serum (Sigma), and 2%
tryptose phosphate broth (Sigma). MDCK-I cells were grown in mini-
mum essential medium with Earle’s salts (MEM; c-c-pro) containing 10%
FCS, P/S, and 2 mM L-glutamine. The permanent cell lines were all ob-
tained from the cell culture collection of the Institute of Medical Virology,
Giessen.

The following IV strains were used: A/FPV/Bratislava/79 (FPV,
H7N7), A/Hamburg/01/09 (H1N1pdm09, H1N1), B/Lee/40, and C/
Johannesburg/1/66. All strains were obtained from the IV strain collection
at the Institute of Medical Virology, Giessen. Prior to infection, cells were
washed with phosphate-buffered saline (PBS) containing 1 mM MgCl2
and 0.9 mM CaCl2 (PBS��) and then inoculated at room temperature
(rt) with the appropriate virus diluted in PBS containing 0.2% bovine
albumin (BA), 1 mM MgCl2, 0.9 mM CaCl2, and P/S (PBS-BA). After 1 h,
the inoculum was replaced with the appropriate medium containing 0.2%
BA, P/S, and, if indicated, specific inhibitors (40 �M caspase 3/7 inhibitor,
Z-DEVD-FMK [CI], R&D Systems; 2 ng/ml Leptomycin B [LepB], Sigma;
2 �g/ml actinomycin D [ActD], Sigma). Virus titers were determined by a
focus assay, using a mouse anti-IAV NP antibody (Ab) (provided by S.
Ludwig, Münster, Germany) as described previously (33).

hAEC. Human lung tissue was obtained from lobectomy specimens
distal from tumors. Human alveolar epithelial cells (hAEC) were isolated
as described previously (34) and maintained in Ham’s F12 medium (Bio-
chrom) supplemented with 10% FCS and antibiotics for 5 days. The pu-
rity of human AEC was assessed using anti-CD45, anti-CD326/EpCam,
and anti-pro-SP-C antibodies (Biolegend; Millipore). Cell suspensions
with 90% purity were used for further experiments.

Western blotting and activity measurement. For protein detection
via the use of an Odyssey system (Li-Cor), cell lysates were separated on 2
precast gradient NuPAGE Novex 4% to 12% Bis-Tris protein gels (Invit-
rogen, Germany) and transferred onto Immobilon-FL polyvinylidene
fluoride (PVDF) membranes (Merck Millipore, Germany) at 150 V/cm2.
Following protein transfer, PVDF membranes were blocked using 1�
TBS blocking buffer (20 mM Tris-HCl [pH 7.6], 140 mM NaCl, 5% non-
fat dry milk) for 1 h at rt. The membranes were washed once using wash-
ing buffer (1� TBS-Tween [TBS containing 0.05% Tween 20]). After-
ward, detection of Nup153 protein and cellular beta actin was achieved
using mouse anti-Nup153 (QE5, detecting Nup153, Nup214, and p62;
Abcam) (1:10,000), and rabbit anti-beta actin monoclonal antibody (Ab-
cam) diluted in blocking buffer at a dilution of 1:10,000. One hour later,
the membranes were washed three times with washing buffer, incubated
with secondary goat anti-mouse IRDye 800 and goat anti-rabbit IRDye
680 (1:10,000 dilution in blocking buffer containing SDS [1:1,000 dilution
of a 10% stock solution]), and added to the membranes in the dark for 1 h.
After three washes with washing buffer and one with 1� TBS, the proteins
were visualized using an Odyssey infrared imaging system and the corre-
sponding application software package (Li-Cor, Germany). To quantify
the amount of the protein, basic Quantity One software (Bio-Rad, Ger-
many) was used. Caspase 3 activity was measured using a caspase 3 color-
imetric assay kit (Genscript).

Immunofluorescence, CLSM, and SRM. Cells were seeded on 8
chamber culture slides (BD Falcon) or, for superresolution microscopy

Mühlbauer et al.

6010 jvi.asm.org June 2015 Volume 89 Number 11Journal of Virology

http://jvi.asm.org


(SRM), on high-precision cover slides (Marienfeld). Following infection,
cells were washed with PBS�� and fixed with 3.7% paraformaldehyde
(PFA)–PBS for 1 h at rt. For confocal laser scanning microscopy (CLSM)
and SRM, cells were permeabilized for 45 and 15 min, respectively, using
PBS containing 1% Triton X-100. For SRM, the fixed cells were incubated
for another 30 min in PBS containing 5% rabbit serum (Sigma). Incuba-
tion was done in PBS containing 3% bovine serum albumin (BSA) at rt for
1 h or overnight at 4°C as appropriate with the following primary anti-
bodies: mouse anti-IAV NP (strain FPV monoclonal Ab [MAb], clone
1331 [Biodesign; 1:1,000]; mouse anti-IBV NP MAb [Thermo Scientific;
1:100]; mouse anti-ICV NP, clone F17 [1:5,000]; mouse anti-NPC pro-
teins; Mab414 [recognizing related proteins of the nucleoporin Nup84/
Nup107 family] [Covance; 1:300]; mouse anti-Nup153 [QE5] [Abcam;
1:50]; and goat anti-IAV NP [R. Webster, Memphis, TN; 1:800]). Cells
were washed with PBS and incubated for 1 h with the following secondary
antibodies: Alexa Fluor 594-coupled F(ab=)2 fragment goat anti-mouse
antibody (Molecular Probes; 1:200), rabbit anti-mouse Alexa 488 (Life
Technologies; 1:4,000), and rabbit anti-goat Alexa 555 (Life Technologies;
1:8,000). Washed cells were stained with DAPI (4=,6-diamidino-2-phe-
nylindole) (Roth; 1:400) for 10 min. Finally, cells were washed in PBS and
water, embedded in 0.13 M Tris-HCl (Roth) containing 9.1% Mowiol
(Sigma-Aldrich), 22.7% glycerol, and 2.5% DABCO (1,4-diazabicy-
clo[2.2.2] octane; Merck), and analyzed using a confocal laser scanning
microscope (Leica TCS SP5). Superresolution imaging of nuclear pores
was performed by structured illumination microscopy (SIM) (Zeiss Elyra,
Germany) (objective, Plan Apochromat 63�/1.40 oil differential interfer-
ence contrast [DIC] M27). Surface rendering for three-dimensional (3D)
projections was done using ZEN 2011 software (Carl Zeiss). Minimal
image adjustment for each channel was done only when necessary for
illustration. No gamma corrections were applied, and all images were
acquired using identical settings.

Transfection. MDCK-II cells were seeded on 8-chamber culture slides
(BD Falcon) and transfected with 2 �g of either p3xEGFP-NLS (3xGFP-
NLS) or pEGFP-GFP5x (5xGFP) using jetPRIME Polyplus transfection
(Peqlab) reagents and protocol. At 36 h posttransfection (p.t.), the cells
were either infected with strain FPV (� 40 �M CI) or treated with 2 �g/ml
actinomycin D (� 40 �M CI). Fixation, permeabilization, and immuno-
staining were done as described above.

Electron microscopy and immunogold labeling. MDCK-II cells
grown to 70% confluence were infected with FPV (multiplicity of infec-
tion [MOI] � 15) or mock infected. At 4 to 10 h p.i., cells were washed
with PBS, detached using Accutase (PAA) for 20 min at 37°C and 5% CO2,
and washed again in PBS.

For ultrastructural analysis, cells were fixed overnight at 4°C in 1.25%
glutaraldehyde (Roth)–PBS and then for 1 h at rt in 2.5% glutaraldehyde–
PBS. After washing and embedding in gelatin (Fluka) were performed,
cells were postfixed in 1% osmium tetroxide (Serva), washed, and incu-
bated in 2% aqueous uranyl acetate (Polysciences) overnight at 4°C. Spec-
imens were dehydrated in an ethanol series, followed by propylene oxide
(Serva), and embedded in Epon 812 (Serva). From the blocks (cured by
heat), ultrathin sections were cut and subsequently contrasted in uranyl
acetate (Merck) and lead citrate (Merck) (35).

For immunogold labeling, cells were fixed in 1% paraformaldehyde
(PFA; Serva) at 4°C overnight and then in 4% PFA–PBS at rt for 1 h. After
they were washed, cells were dehydrated and embedded in LR White
(London Resin Company Ltd.) (chemical curing on ice). Ultrathin sec-
tions from these specimens were etched with 2% periodic acid (Merck) for
10 min prior to immunogold labeling. For quenching of aldehyde groups,
hydrophobic moieties, and positive charges, grids were floated on 0.05 M
glycine (Serva)–PBS for 45 min and then for 30 min on blocking solution
for goat immune reagents containing normal goat serum, bovine serum
albumin, cold-water fish skin gelatin, and PBS (Aurion). Next, grids were
rinsed in 0.1% BSA-c (Aurion)–PBS and incubated overnight at 4°C in
anti-mouse Nup153 (QE5; Abcam) (1:600) containing 0.1% BSA-c. After
repeated washing in 0.1% BSA-c–PBS, specimens were incubated with

6-nm-diameter-gold-particle-labeled goat anti-mouse IgG (Aurion; 1:20)
for 2 h at rt followed by thorough washing. Grids were postfixed in 1%
glutaraldehyde, washed again, and finally contrasted in 4% uranyl acetate
(36).

Ultrathin sections were inspected using transmission electron micros-
copy (TEM) (EM912a/b; Zeiss) at 120 kV under zero-loss conditions, and
images were recorded at slight underfocus using a 1-k-by-1-k slow-scan
charge-coupled-device (CCD) camera (Proscan) at 16,000� and
�25,000 magnification (pixel sizes corresponding to 0.9 nm and 0.6 nm,
respectively).

Diameters of NPCs were measured using Esivision software (Olym-
pus-SIS), and the distribution of gold particles relative to the nuclear
lamina was quantified (37) using the iTEM package (Olympus-SIS).

Statistics. The NPC diameters and patterns determined for the differ-
ent test groups by Nup153 immunogold labeling were compared using the
Mann-Whitney U test (Sigma-Stat 3.5; Systat). In Western blot analysis
and other analyses, the t test was used.

Ethics statement. Human lung tissue was obtained from patients who
underwent a lobectomy after providing informed written consent (De-
partments of Pathology and Surgery, Justus Liebig University, Giessen).
Use of human lung tissue was approved by the Justus Liebig University
Giessen Ethics Committee.

Biosafety. All experiments with infectious virus were performed ac-
cording to German regulations for the propagation of influenza viruses
(IVs). All experiments involving highly pathogenic avian influenza A vi-
ruses (HPAIV) were performed in a biosafety level 3 (BSL3) containment
laboratory approved for such use by the local authorities (RP, Giessen,
Germany).

RESULTS
The critical role of caspase activity for efficient nucleocytoplas-
mic RNP export is conserved across the three genera influenza
virus type A, type B, and type C. Previously, it was shown that
efficient nuclear RNP export in cells infected with the A-type
highly pathogenic avian influenza virus (HPAIV) A/FPV/Bratis-
lava/79 (FPV, H7N7) requires cellular caspase 3 activity (23). To
test whether this requirement is conserved among human A-, B-,
and C-type influenza viruses, we infected MDCK-II cells with
FPV, A-type 2009 pandemic human IAV (H1N1pdm09; A/Ham-
burg/0109, H1N1), or B-type human IV (B/Lee/40). We also in-
fected MDCK-I cells with a C-type human IV (C/JHB/1/66).
MDCK-I cells contain receptors that are necessary for influenza C
virus infection, while MDCK-II cells lack these receptors (38). To
assess the role of caspase activity in IV replication, cells were
treated with a commonly used, noncytotoxic, cell-permeative, ir-
reversible caspase 3/7 inhibitor (CI [Z-DEVD-FMK]). Z-DEVD-
FMK contains the tetrapeptide recognition motif for caspase 3/7
and inhibits these caspases with high specificity (39). In infected
cells treated with CI (Fig. 1A), no cytoplasmatic RNP signal was
detectable at 8 h (for IAV), 14 h (for IBV), or 18 h (for ICV)
postinfection (p.i.), indicating that, for all IVs included in this
study, RNP export requires caspase activation. Using FPV, we
extended these observations to other cell types. We found that
caspase activity was also required for efficient nucleocytoplasmic
export in other cell types, such as the A549 human alveolar epi-
thelial cell line and an avian fibroblast cell line (QT6). Consistent
observations were made using H1N1pdm09-infected primary hu-
man alveolar epithelial cells (hAEC) (Fig. 2). In line with these
observations, we found that, in caspase 3-deficient MCF-7 cells,
little (if any) nuclear RNP export occurred and there was no sig-
nificant difference with respect to viral RNP localization (as
judged by NP detection) and virus titers in the absence or presence
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of caspase 3/7 inhibitor (CI) (Fig. 2 and data not shown). The data
provide additional evidence to suggest a major role for caspase 3
activity in the IV replication cycle and indicate that Crm1-
dependent nuclear RNP export mechanisms (and caspase 7
activity) may be insufficient to sustain efficient nucleocytoplas-
mic RNP export in these cells. Still, it remains to be investigated
if the lack of caspase 3-induced nuclear RNP export is the only
cause for inefficient IV replication in caspase 3-deficient
MCF-7 cells. Taken together, our data strongly support the idea
of a critical role of caspase 3 activity for efficient nucleocyto-
plasmic RNP export in many cell types and human IVs from
three different virus genera.

Influenza virus-induced caspase activity leads to degrada-
tion of NPC component Nup153. To further investigate the role
of caspase activities in the nuclear export of viral RNPs, we ana-
lyzed the kinetics of IAV-induced caspase 3 activation (Fig. 1B).
MDCK-II cells were infected with strain FPV, and caspase activity
was determined at different time points p.i. Caspase activity was
found to increase by more than 4-fold until 10 h p.i. in IAV-
infected (but not mock-infected) cells.

Caspase activation is known to cause degradation of proteins

of the NPC and disintegration of the nuclear basket that controls
active export functions (16). One of the caspase 3/7 substrates was
previously shown to be Nup153, an important component of the
NPC nuclear basket and a key player in controlling nuclear import
and export functions (31, 32, 40, 41).

We therefore analyzed whether or not IAV infection affects
Nup153 integrity. To this end, MDCK-II cells were infected with
FPV (MOI � 3) and total lysates were prepared at time points
when caspase activity had been sufficiently induced by the virus
infection (Fig. 1B and 3A). Western blot analysis using a MAb
specific for Nup153 or a MAb specific for beta actin revealed that
Nup153 was degraded and that this degradation correlated with
the level of IAV-induced caspase activation (see Fig. 1B and 3A).
The idea of the specific degradation of Nup153 by cellular caspases
was further supported by data showing that Nup153 degradation
in IV-infected cells could be blocked by CI. Taken together, these
data led us to conclude that IAV infection induces caspase-depen-
dent Nup153 degradation, especially at late time points postinfec-
tion.

Influenza virus-induced caspase activity results in Nup153
displacement. Degradation of Nup153 occurs in a coordinated

FIG 1 Viral RNP localization and caspase activity in IV-infected cells in the presence or absence of caspase 3/7 inhibitor (CI). (A) MDCK-II cells were infected with the
indicated A-, B-, and C-type IVs (MOI � 1) in the presence (�) or absence (	) of CI. Intracellular RNP localization was analyzed at the indicated time points p.i. by
confocal laser scanning microscopy using an NP-specific antibody (green). DNA was stained with DAPI (blue). Arrowheads indicate cytoplasmic accumulation of RNPs.
(B) Caspase 3 activities in lysates obtained from MDCK-II cells that were mock infected (C1 and C2) or infected with strain FPV (MOI � 15) in the presence (dark gray
bars) or absence (black bars) of CI. Caspase activities were determined at the indicated time points p.i. Values were normalized to the mock control, which was set to 1.
Experiments were done in duplicate. The lysate of the dimethyl sulfoxide (DMSO) control (light gray bar) was prepared at 10 h.
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manner and is linked to a gradual loss of transport functions (and
structural integrity) of the NPC (42), illustrating the important
role of Nup153 in NPC structure and function(s). To study pos-
sible structural changes of the NPC in IAV-infected cells, we ana-
lyzed the spatial distribution of different Nups at the nuclear en-
velope in the course of IAV infection using MAb 414, an anti-NPC
protein antibody that recognizes FXFG sequence repeats con-
served in nucleoporins. Immunofluorescence microscopy re-
vealed a readily detectable signal at the nuclear envelope in unin-
fected cells. The signal changed to a more cytosolic distribution in
FPV-infected cells at 6 h and 8 h p.i., that is, at time points when
virus-induced caspase activity became detectable (Fig. 4). To an-
alyze this in more detail, MDCK-II cells were infected with IAV for
up to 24 h and superresolution microscopy of the NPC was per-
formed using the Nup153-specific antibody QE5. In contrast to
mock-infected cells, Nup153-containing nuclear pore structures
were found to lose their regular (punctate) nuclear membrane
distribution pattern in infected cells (Fig. 3B, panels I and II). Also,
we observed large aggregates of Nup153-containing structures
that partly localized to the nucleo- and cytoplasm (Fig. 3B, panels
III and IV). This effect was further investigated on a subcellular
level using immunogold labeling and transmission electron mi-

croscopy (TEM). MDCK-II cells were infected with strain FPV at
a high MOI (� 15) to ensure infection of all cells. Figure 5A shows
a representative image of a nuclear pore detected by TEM analysis,
whereas Fig. 5B and C show representative immunogold labeling
in uninfected and infected cells, respectively. Determination of
relative frequencies of distances between individual immunogold
signals and the nuclear lamina (Fig. 5D and data not shown) re-
vealed that, in uninfected and untreated cells, Nup153 was pre-
dominantly located in the nucleus below the inner nuclear mem-
brane, consistent with the known localization of nuclear baskets of
which Nup153 is an integral part (43, 44). In contrast, a redistri-
bution of immunogold signals was detected in IAV-infected cells
(Fig. 5C and D). Here, relatively dispersed signals with reduced
density were detected at or near the nuclear envelope, whereas
an increased amount of Nup153 was observed in the periphery
or deeper in the nucleus (mock-infected and untreated versus
infected and untreated cells, P � 0.002). These effects were
significantly reduced in the presence of CI (infected and un-
treated versus infected and CI-treated cells, P � 0.004). No
significant difference of Nup153 localization was seen between
uninfected and untreated and uninfected and CI-treated cells.
In line with the data presented above (Fig. 3), the TEM study

FIG 2 RNP localization in different IV-infected cell lines treated with or without caspase 3/7 inhibitor. (A) A range of permanent cell lines were infected with FPV
(MOI � 1) and treated with or without caspase 3/7 inhibitor (CI) immediately after infection. Intracellular RNP localization was detected at 8 h p.i. by confocal
laser scanning microscopy using anti-NP specific Ab (green). DNA was stained with DAPI (blue). (B) Primary human alveolar epithelial cells (hAEC) were
infected with H1N1pdm09 (MOI � 0.5) and treated with or without CI immediately after infection. Intracellular RNP localization was detected at 6, 8, and 10
h p.i. by confocal laser scanning microscopy using anti-NP specific Ab (green). DNA was stained with DAPI (blue).
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suggests that IAV infection triggers both degradation and relo-
calization of Nup153.

Influenza virus-induced NPC degradation causes enlarge-
ment of nuclear pores. Previous studies suggest that caspase acti-
vation initiates a coordinated disruption of the nuclear lamina
which, in IV-infected cells may increase the passive diffusion limit
of nuclear pores and thereby facilitate migration of viral RNPs to
the cytoplasm in late phases of the viral life cycle (11, 16). The data
presented above confirm and extend these hypotheses. More spe-
cifically, they suggest that IAV-induced apoptotic caspase activi-
ties are critically involved in changes of the NPC architecture that,
possibly, cause an increase in nuclear pore sizes. To address the
latter possibility more directly, we performed another set of TEM
studies. MDCK-II cells were infected with strain FPV (MOI � 15),

images were taken at specific time points (Fig. 6A), and diameters
of NPC lumenal spoke rings were measured. Figure 5A gives an
example of a typical TEM micrograph used to determine pore
diameters in this study. Nuclear pore diameters were found to be
significantly increased at late time points p.i. (8 to 10 h) (Fig. 6)
(cf. Fig. 1A). The increase of nuclear pore sizes in IV-infected cells
was blocked by CI, again confirming the critical role of IAV-in-
duced caspase activation in this process. The data also show that
the enlargement of nuclear pores is a relatively late event, com-
mencing at about 8 h p.i., whereas no significant changes were
seen at 4 h p.i. (Fig. 6A). In the absence of CI, nuclear pore diam-
eters in infected cells were found to be increased by nearly 20 nm
compared to mock-infected cells (P � 0.001). The increase of
nuclear pore size was less profound in infected and CI-treated cells
compared to infected and untreated cells (8 nm, P � 0.001). Con-
sistent results were obtained when median values and distribu-
tions of pore diameters were analyzed (Fig. 6B). Analysis of nu-
clear pore sizes in mock-infected cells in the presence or absence of
CI revealed no significant differences (P � 0.194). Nuclear pore
diameters determined in uninfected and untreated cells and in-
fected and CI-treated cells revealed moderate differences (6 nm,
P � 0.036), while a much more profound increase in nuclear pore
size was determined for infected and untreated cells (20 nm, P 

0.001). At 10 h p.i., similar results were obtained and no further
increase of nuclear pore diameters was seen in infected cells (Fig.
6A). These data are in perfect agreement with the observations
described above and reveal a quite impressive enlargement of nu-
clear pores by up to 37% in IAV-infected cells at late time points
(�8 h p.i.).

Influenza virus-induced enlargement of nuclear pores leads
to increased diffusion limits. IV RNPs are thought to have an
approximate molecular mass of up to 5.6 MDa and dimensions of
about 30 to 120 nm by 10 to 15 nm (45). We therefore speculated
that, despite their large molecular mass, viral RNPs might pass
NPCs if (i) they are oriented along their longitudinal axis and (ii)
the diffusion limits of NPCs are sufficiently increased. We sought
to obtain additional evidence for increased nuclear pore sizes in
IAV-infected cells and investigated possible consequences for the
transport of large protein complexes across the nuclear mem-
brane. MDCK-II cells were transfected with p3xEGFP-NLS
(3xGFP-NLS), a plasmid that encodes a 75-kDa green fluorescent
protein (GFP) trimer carrying a nuclear localization signal (NLS).
The protein was actively imported and accumulated in the nu-
cleus. In contrast, a 125-kDa GFP pentamer (5xGFP, encoded by
pEGFP-GFP5x) accumulated in the cytoplasm and, because of its
large size, was prevented from entering the nucleus by free diffu-
sion. At 36 h p.t., cells expressing the appropriate GFP construct
were infected with strain FPV (or mock infected) and cultivated in
the presence or absence of CI. At 10 h p.i., the cells were fixed,
stained for viral NP and cellular DNA, and analyzed by confocal
laser scanning microscopy.

As expected, the 3xGFP-NLS protein accumulated in the nu-
cleus of transfected cells (Fig. 7A). In contrast, in IAV-infected
cells, the protein was also observed in the cytoplasm (10 h p.i.),
indicating significant diffusion of 3xGFP-NLS from the nucleus to
the cytoplasm and insufficient compensation by appropriate re-
import mechanisms. In line with this hypothesis, we observed that
5xGFP, which, in mock-infected cells, could be detected only in
the cytoplasm, became detectable in the nucleus of IAV-infected
cells, suggesting dramatic changes in the free diffusion limits of

FIG 3 Caspase-dependent Nup153 degradation and redistribution in IV-
infected cells. (A) MDCK-II cells were mock infected (C1 and C2) or in-
fected with FPV (MOI � 3) in the presence (gray bars) or absence (black
bars) of caspase inhibitor (CI). Intracellular amounts of Nup153 and beta
actin were determined by Western blotting, and the amount of Nup153 was
quantified in relation to the amount of beta actin (control) at the indicated
time points p.i. Column sizes represent relative Nup153 amounts normal-
ized to the amount of beta actin. Experiments were done in triplicate. (C1,
noninfected and nontreated control; C2, noninfected and CI-treated con-
trol). Significance levels are indicated (n.s., no significant difference; **,
P � 0.03). (B) Superresolution microscopy reveals IV-induced aggregation
and delocalization of nuclear pore complexes. MDCK-II cells were either
mock infected (panels I and II) or infected with FPV (MOI � 0.01) (panels
III and IV) for 24 h. MAbs against IV nucleoprotein (red) and Nup153
(green) were used. DNA was counterstained with DAPI (blue). Panels I and
III show a surface-rendered 3D projection of five Z-planes acquired from
the nuclear center to demonstrate the regular distribution (arrowheads) of
NPCs in mock-infected cells (panel I) and aggregation (arrowheads) as well
as delocalization (gaps indicated by asterisks) of NPCs in IV-infected cells
(panel III). Panels II and IV show projections of the upper halves of the
nucleus of mock-treated (panel II) and infected (panel IV) cells without
DNA staining. Scale bar, 1 �m.
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NPCs in these cells (Fig. 7B). The massive redistribution of either
marker protein was abolished in the presence of CI. To quantify
these effects, the proportion of cells with detectable GFP expres-
sion in the nucleus or cytoplasm was determined in 2 independent
samples (Fig. 7C). The quantitative analyses were consistent with
the data shown in Fig. 7A and B.

An accumulation of 5xGFP in both the nucleus and cytoplasm
was also seen in noninfected cells undergoing mitosis, the latter
involving chromosomal condensation (Fig. 7B, asterisk) and dis-

integration of the nuclear membrane. Similarly, increased diffu-
sion limit was detected in cells in which apoptotic caspase activity
was induced by actinomycin D (data not shown). Taken together,
our results suggest that the enlargement of nuclear pores caused
by virus-induced caspase activities leads to an increase of the NPC
diffusion limit of at least 40 kDa, resulting in a diffusion limit of
�125 kDa.

Increasing role of passive RNP export mechanisms later in
infection. The data presented above suggested that the previously

FIG 4 Nup153 distribution in IV-infected cells. FPV-infected MDCK-II cells (MOI � 1) treated with or without caspase 3/7 inhibitor (CI) were stained for DNA
(blue) and for viral NP (green) and with an anti-NPC protein antibody, Mab414, that recognizes FXFG repeats conserved in various nucleoporins (red). Spatial
distribution of different Nups at the nuclear envelope was analyzed at 4, 6, and 8 h p.i. by confocal laser scanning microscopy. Partial or (nearly) complete
delocalization of Nup in infected cells is indicated by arrowheads.
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described nucleocytoplasmic RNP transport pathway involving
Crm1 (26) may be complemented by passive transport mecha-
nisms at late time points p.i. To further investigate the specific
roles of active versus passive mechanisms involved in IAV RNP
transport, we determined the kinetics of vRNP export in the pres-
ence of LepB, a specific inhibitor of Crm1. LepB was added to
virus-infected cells (MOI � 1) from 0 to 5 h p.i. or from 6 to 10 h
p.i. At 10 h p.i., virus titers were determined and compared to
those seen with infected but nontreated cells. As shown in Fig. 8A,
the production of infectious virus was strongly reduced (ca. 70%)
when LepB was added to the culture medium at 0 to 5 h p.i. Virus
titers were reduced less profoundly (ca. 50%) when LepB was
added at a later time point (6 to 10 h p.i.). Inhibition of caspase 3/7
activity 6 to 10 h p.i. resulted in an approximately 70% reduction
of virus titers, while inhibition of caspase activities at earlier time
points (0 to 5 h p.i.) caused significantly (ca. 40%) less virus titer
reduction. The data support the idea that, at later time points,
active nuclear transport functions may become less critical to in-
fectious particle formation.

In a final set of experiments, we investigated the intracellular
localization of viral RNPs in infected or mock-infected cells cul-
tured in the presence or absence of LepB. The cells were analyzed
at different time points p.i. by immunofluorescence microscopy
using an NP-specific MAb. As shown in Fig. 8B, viral RNPs were

retained in the nucleus when LepB was included in the culture
medium from 0 to 5 h p.i., confirming the previously established
important role of Crm1 in nucleocytoplasmic RNP export. In
contrast, if the inhibitor was included later in infection (6 to 10 h
p.i.), viral RNPs were no longer retained in the nucleus, suggesting
that, in the course of IAV infection, the role of Crm1 in nuclear
export of viral RNPs was diminishing or even that it was becoming
dispensable over time.

DISCUSSION

IAV replication occurs in the host cell nucleus and, therefore,
requires bidirectional RNP transport processes across the nuclear
membrane to (i) import primary RNPs into the nucleus and (ii)
export newly produced RNPs across the nuclear membrane to the
cell membrane, where viral assembly takes place (2, 4). The sub-
units of the viral RdRp and the NP contain NLS (4) and interact
with the nuclear import machinery (46). This ensures that newly
translated PB1, PB2, PA, and NP are efficiently imported into the
nucleus, where viral genome replication and transcription take
place. The viral proteins M1, NEP/NS2, and NP are required for
the nuclear export of newly formed RNPs. The proteins tightly
interact with each other and contain nuclear export signals that
are recognized by Crm1 (reviewed in reference 47). The available
evidence for effective inhibition of RNP egress by caspase 3/7 in-

FIG 5 Transmission electron microscopy and immunogold labeling. (A) Ultrastructural image of a nuclear pore (white arrowhead) in MDCK-II cells. The
nuclear envelope is formed by the outer nuclear membrane (onm) and the inner nuclear membrane (inm). Cyt, cytoplasm; Nuc, nucleoplasm; Mit, mitochon-
drion; ne, nuclear envelope. (B and C) Typical TEM images after immunogold labeling for Nup153 in noninfected (B) and FPV-infected (C) MDCK-II cells.
Circles highlight labeled areas, and arrows indicate the position of the nuclear lamina just above the strongly contrasted heterochromatin. The nuclear ne is seen
as an area with reduced electron density, whereas the inm and onm are not visible due to the omission of osmium treatment (see protocol). (D) Spatial
distribution of distances between Nup153 signals and the nuclear lamina. Bars represent the central 50% (interquartile range) of ranked data of each group. Black
lines indicate median values. Significance levels are indicated (n.s., no significant difference; *, P � 0.004; **, P � 0.002). In each test group, immunogold data
were collected from two experiments and 10 different cell profiles, except in test group Mock � CI, for which data were collected from two experiments and 6
cell profiles.
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hibitors suggests that Crm1-mediated mechanisms may be com-
plemented by other (caspase-dependent) mechanisms which,
however, have not been characterized in detail. Previously, we
were able to show that IAV-induced NF-�B-dependent TRAIL
expression and FasL expression as well as IAV-induced caspase
activity are important for efficient nuclear RNP export (23, 24).
Based on these observations, we proposed that IAV infection may
result in NF-�B-controlled TRAIL and FasL expression that trig-
gers apoptosis by auto- and paracrine mechanisms and activates
cellular caspases (11). We further hypothesized that these caspase
activities might affect NPC functions to facilitate nuclear RNP
export.

Evidence to support this hypothesis was previously obtained
for avian IAV strain FPV (23). We now extended these studies to
human A-, B-, and C-type IVs (Fig. 1A) and obtained convincing
evidence to suggest that caspase activation is a general require-
ment for efficient nuclear RNP export across different IV genera
propagated in a wide range of human and avian permanent cell
lines as well as primary cells (Fig. 2).

To further analyze the downstream effects of virus-induced

caspase activation on nuclear RNP export, we focused on Nup153,
a known caspase substrate and an important component of the
NPC (16, 48). We were able to show that IAV-triggered caspase
activities caused a progressive degradation of this nuclear pore
component (Fig. 3A). The time courses of caspase activation and
Nup153 degradation were shown to follow similar kinetics (Fig.
1B), and Nup153 degradation could be blocked by using CI, fur-
ther supporting the idea of the critical role of caspase 3/7 in this
process. Indirect immunofluorescence and superresolution mi-
croscopy data revealed an irregular distribution of NPC compo-
nents in IV-infected cells and relocation of Nup153 or, more
likely, specific degradation products derived from this protein
(Fig. 3B). The antibodies used in this study do not allow us to
distinguish between signals derived from intact protein and those
derived from proteolytically cleaved protein. Our data consis-
tently support the idea that caspase activation at late time points
p.i. causes Nup153 degradation which, in turn, affects the struc-
tural and functional integrity of NPCs (Fig. 3A and 5). As expected
for a major component of the nuclear basket, Nup153 was found
to be located at the nuclear surface of the NPC next to the inner

FIG 6 Increase of nuclear pore diameters in IV-infected cells. (A) Diameters of nuclear pores (median values) in MDCK-II cells under different
experimental conditions (mock treatment, FPV infection, FPV infection plus caspase 3/7 inhibition [CI], and mock treatment plus CI) and at different
time points p.i. Error bars indicate interquartile ranges. Significance levels are indicated (n.s., no significant difference; *, P � 0.05; **, P � 0.001). (B)
Distribution of nuclear pore diameters in FPV-infected MDCK-II cells at 8 h p.i. after mock treatment (left), after infection (middle), and after infection
plus CI treatment (right). The colored lines represent the median value for each sample. As a reference, the median value of the control (mock-treated)
group is also indicated for the two other groups by a dashed line. (C) Panel showing the main structural elements of the NPC seen in the electron
microscopy (em) images and indication of how the diameters (d) of the pores were measured. chr, chromatin; ne, nuclear envelope; onm and inm, outer
and inner nuclear membranes; spr, spoke ring; nl, nuclear lamina.
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nuclear membrane in both uninfected and untreated cells (17, 21,
49). In contrast, the intracellular localization of the Nup153 signal
changed dramatically in IAV-infected cells, consistent with our
immunofluorescence and superresolution microscopy data. The
observed effects could be blocked by CI, yet again confirming the
key role of virus-induced caspase activities in Nup153 degradation
and relocation. Electron microscopy provided evidence that the
diameters of NPC luminal spoke rings, which form the central
channel between the inner and outer nuclear membranes (17) and
thus control the transport of large cargo through the nuclear pore,
are significantly increased in IAV-infected cells (Fig. 6A and B).
NPC disintegration (Fig. 3B and 5) could be blocked by using CI
and was particularly evident at late time points p.i. when (i)
caspase 3 was activated (Fig. 1B), (ii) Nup153 was degraded (Fig.
3A), and (iii) NPC spoke rings were widened (Fig. 6). The com-
bined data lead us to propose a model in which IV-induced

caspase 3 activity promotes nuclear RNP export by initiating a
process that eventually results in enlarged and/or dysfunctional
nuclear pores.

In previous studies, many other viruses were found to support
their own replication or suppress antiviral host responses by dis-
rupting nuclear import pathways or inhibiting mRNA export
through interactions of viral with cellular proteins (reviewed in
reference 50). This also includes the degradation of Nups. For
members of the family Picornaviridae, it has been shown that nu-
clear components, such as Nup153, may be cleaved by the viral
2Apro protein (51). In other cases, classical nuclear import path-
ways were found to be blocked, resulting in cytoplasmic retention
(and accumulation) of nuclear cargo; also, increased diffusion
limits by mechanisms that do not depend on caspase activation
have been described to be induced in picornavirus-infected cells
(51–53). In contrast to these picornavirus studies, our data suggest

FIG 7 Intracellular localization of multimeric GFP constructs in IV-infected cells treated with or without caspase 3/7 inhibitor (CI). (A and B) MDCK-II cells were
transfected with a plasmid that codes either for a GFP trimer that carries a nuclear localization signal (3xGFP) and accumulates in the nucleus or for a GFP pentamer that
lacks a nuclear localization signal (5xGFP) and accumulates in the cytoplasm. At 36 h posttransfection, cells were superinfected with FPV (MOI � 5) and treated with or
without CI. The cells were fixed at 10 h p.i., and the intracellular GFP localization was analyzed. Intracellular GFP (green) and NP (red) localization was detected by
confocal laser scanning microscopy. DNA was stained with DAPI (blue). Star, noninfected, dividing cell with chromosomal condensation. (C) A total of 50 cells in 2
independent samples identified as transfected and infected, with or without CI treatment, were analyzed by confocal laser scanning microscopy for intracellular GFP
localization. For 3xGFP, the proportions of cells (indicated in percentages) displaying a cytoplasmic GFP signal are shown. For 5xGFP, the proportions of cells (indicated
in percentages) showing a nuclear GFP signal are shown.
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that IVs use cellular (rather than viral) protease-mediated mech-
anisms to modulate nuclear pore functions. It remains to be stud-
ied whether (and to what extent) these mechanisms also affect the
export of cellular mRNAs and, as a result, expression of antiviral
proteins.

IV RNPs have molecular masses of up to 5.6 MDa, depending
on the size of the respective genome segments (ranging from 890
to 2,341 nucleotides [nt]). Nevertheless, due to their rod-like
structure with a size of about 10 to 15 nm by 30 to 120 nm (45,
54–56), it is reasonable to speculate that (i) the observed increase
in the NPC diameter by up to 20 nm, (ii) the increase of passive
diffusion limits at later stages of infection, and (iii) the specific
vRNP shape might allow IV RNPs to diffuse passively through the
NPC along their longitudinal axis.

Taken together, the data lead us to hypothesize that IVs
(largely) employ active Crm1-dependent mechanisms for nucle-
ocytoplasmic RNP transport early in infection whereas passive
transport mechanisms are suggested to play a more prominent
role at later time points p.i. when NPCs increasingly lose their

structural integrity and specific functions (25, 31, 32). The study
data advance our understanding of the multiple roles of caspase
activities in viral infections and suggest that these enzymes (and
probably other molecules involved in cellular apoptotic pathways)
might be promising targets for future antiviral drugs.
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