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Nucleocytoplasmic trafficking pathways and the status of nuclear pore complex (NPC) components were
examined in cells infected with rhinovirus type 14. A variety of shuttling and nonshuttling nuclear proteins,
using multiple nuclear import pathways, accumulated in the cytoplasm of cells infected with rhinovirus. An in
vitro nuclear import assay with semipermeabilized infected cells confirmed that nuclear import was inhibited
and that docking of nuclear import receptor-cargo complexes at the cytoplasmic face of the NPC was prevented
in rhinovirus-infected cells. The relocation of cellular proteins and inhibition of nuclear import correlated with
the degradation of two NPC components, Nup153 and p62. The degradation of Nup153 and p62 was not due
to induction of apoptosis, because p62 was not proteolyzed in apoptotic HeLa cells, and Nup153 was cleaved
to produce a 130-kDa cleavage product that was not observed in cells infected with poliovirus or rhinovirus.
The finding that both poliovirus and rhinovirus cause inhibition of nuclear import and degradation of NPC
components suggests that this may be a common feature of the replicative cycle of picornaviruses. Inhibition
of nuclear import is predicted to result in the cytoplasmic accumulation of a large number of nuclear proteins
that could have functions in viral translation, RNA synthesis, packaging, or assembly. Additionally, inhibition
of nuclear import also presents a novel strategy whereby cytoplasmic RNA viruses can evade host immune
defenses by preventing signal transduction into the nucleus.

Picornaviruses are small, nonenveloped viruses that contain
RNA genomes of positive polarity. The genomes of all picor-
naviruses are organized in a similar fashion, with a long 5�
untranslated region (UTR), an open reading frame encoding
the viral polyprotein, and a 3� UTR (reviewed in reference 55).
The 5� UTR contains sequences that are important for repli-
cation of the viral genome, as well as an internal ribosomal
entry site (IRES), which is required for translation of the viral
polyprotein (5, 6, 45). The viral polyprotein is translated from
a single large open reading frame and is co- and posttransla-
tionally processed to produce the individual viral gene prod-
ucts (reviewed in reference 55). The 3� UTR contains a high
degree of secondary structure as well as conserved sequences
important for viral replication (49, 53, 56, 57).

Numerous interactions between poliovirus and the host cell
have been described. For example, during poliovirus infection,
the translation initiation factors eIF4GI and -II are cleaved,
and translation of capped cellular mRNAs is inhibited (15, 19).
Likewise, alterations in cellular transcription rates have been
attributed to cleavage of components of the transcriptional
apparatus (12, 13, 70–72). In addition, poliovirus infection
results in the inhibition of host cell secretion (14) and the
induction and subsequent inhibition of apoptosis (3, 65). Re-
cently, we demonstrated that poliovirus infection of HeLa cells
results in a dramatic inhibition of nuclear import and the
degradation of specific nuclear pore complex (NPC) compo-
nents (22). Inhibition of nuclear import was shown to result in

the cytoplasmic accumulation of a number of nuclear proteins
that normally function in RNA biogenesis and nuclear-cyto-
plasmic transport. Interestingly, some of the relocalized nu-
clear proteins have been shown to interact with viral gene
products or the RNA genome during viral infection, although
a direct role for these factors in viral replication in vivo has not
been demonstrated (33, 34, 68). Because many antiviral re-
sponses involve the transport of cytoplasmic signaling mole-
cules, such as NF-�B and STATs, into the nucleus, we specu-
lated that inhibition of nuclear import may attenuate the
antiviral response, leading to a more productive replicative
cycle in vivo (22).

In this report, we present data that demonstrate that these
events occur in cells infected with rhinovirus type 14. We
demonstrate that a number of nuclear proteins that utilize
different nuclear import pathways relocalize to the cytoplasm
of rhinovirus-infected cells. To demonstrate that nuclear im-
port per se is inhibited, we show that rhinovirus-infected cells
are not capable of supporting the nuclear import of cargo in an
in vitro import assay. An analysis of NPC components revealed
that Nup153 and p62, the same two proteins that were ob-
served to be degraded in poliovirus-infected cells, were also
targeted for degradation in rhinovirus-infected cells. Further-
more, we have extended our analysis to show that the degra-
dation of NPC components seen in poliovirus- and rhinovirus-
infected cells does not mimic the effects of apoptosis.
Cumulatively, these results demonstrate that members of two
different genera in the family Picornaviridae target the machin-
ery involved in nucleocytoplasmic trafficking and support the
idea that these events are a common feature of infections
initiated by this family of viruses.
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MATERIALS AND METHODS

Cell lines, viruses, and plasmids. HeLa cells were maintained as described pre-
viously (68). The isolation of cell lines that express enhanced green fluorescent
protein (EGFP) and EGFP-nuclear localization signal (NLS) has been described
previously (22). Rhinovirus type 14 stocks were prepared by infecting subcon-
fluent HeLa cells with a multiplicity of infection (MOI) of 10. Virus was adsorbed
for 30 min at 32°C in CPBS (phosphate-buffered saline [PBS] supplemented with
10 mM MgCl2 and 10 mM CaCl2). Following adsorption, virus was removed, and
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum was add-
ed. The infected cells were incubated at 32°C for 9 h, at which time the cells were
scraped and washed in CPBS. The cell pellets were subjected to three freeze-
thaw cycles and centrifuged at 10,000 x g for 5 min, and the supernatant was ali-
quoted and stored at �20°C. Mahoney type 1 poliovirus stocks were prepared as
described previously (68). All infections were initiated at an MOI of 50 and carried
out as described above. The construction of pEGFP-M9 and pEGFP-M9G274A has
been described previously (22). DNA transfections were performed with the Lipo-
fectin reagent following the manufacturer’s recommendations (Gibco/BRL).

Indirect immunofluorescence. The following antibodies were used for indirect
immunofluorescence: MS3 to detect nucleolin (42), SW5 to detect La (62),
#SC-333 to detect Sam68 (Santa Cruz Biotechnology), 9H10 to detect hetero-
geneous nuclear ribonucleoprotein (hnRNP) A1 (a gift from G. Dreyfuss), 12G4
to detect hnRNP K/J (32), 4F4 to detect hnRNP C (11), #S-4045 to detect SC35
(Sigma), 414 to detect nucleoporins (Convance), and #SC-7292 to detect lamins
A and C (Santa Cruz Biotechnology). The fixation and permeabilization condi-
tions for the detection of hnRNP A, K, C, SC35, Nups, and lamins A and C have
been described previously (22). To detect nucleolin, La and Sam68 cells were
fixed and permeabilized by incubation in methanol-acetic acid (3:1) for 10 min at
25°C. Following fixation and permeabilization, cells were incubated overnight
with primary antibody at 4°C. Antibody-antigen complexes were detected with
fluorescein isothiocyanate (FITC)-conjugated anti-immunoglobulin (Zymed),
and nuclei were stained with Hoechst 33258 as previously described (22). Cells
were viewed with an Olympus BX-60 fluorescent microscope with a �60 objec-
tive, and images were acquired with a Hamamatsu Orca digital camera and
Image Pro Plus software.

In vitro import assay. Rabbit reticulocyte lysates (RRL; Promega) and gluta-
thione S-transferase (GST)-NLS-EGFP fusion protein (54) were prepared as
described previously (22). For import assays, HeLa cells that had been seeded
onto 12-mm-diameter glass coverslips 2 days prior were mock infected or in-
fected with rhinovirus for 6 h. The permeabilization and assay conditions were
described previously (22). Reactions done in the absence of energy omitted ATP,
GTP, creatine kinase, and creatine phosphate.

Immunoblotting. HeLa cell lysates were prepared by washing cells once in
PBS, followed by lysis in Tx buffer (50 mM triethanolamine [pH 7.4]; 500 mM
NaCl; 0.5% Triton X-100; 1 mM dithiothreitol; 1 mM phenylmethylsulfonyl
fluoride; 10-�g/ml [each] chymostatin, leupeptin, antipain, and pepstatin) (43).
Samples were prepared and analyzed as described previously (21). Nup153 and
p62 were detected with mouse monoclonal antibody 414 (Convance). Mouse
monoclonal antibody MS3 was used to detect nucleolin (42). eIF4GI was de-
tected with rabbit polyclonal sera (4). Poly(ADP-ribose) polymerase (PARP)
was detected with #SC-7150 (Santa Cruz Biotechnology).

Induction of apoptosis. HeLa cells seeded onto 60-mm plates 16 h earlier were
induced to undergo apoptosis by adding 5 �g of actinomycin D per ml and 100
�g of cycloheximide per ml and incubating for 6 h at 37°C. Where indicated, the
caspase inhibitor z-VAD-fmk was added to a final concentration of 50 �M.
Following incubation for the indicated period of time, both floating and adherent
cells were collected by scraping and sedimentation at 250 � g for 5 min. The cell
pellet was resuspended in 1 ml of PBS and divided into two equal fractions for
the isolation of protein or genomic DNA, and cells were sedimented at 250 � g
for 5 min. Protein lysates were prepared in Tx buffer as described above.
Genomic DNA was prepared by resuspending the cell pellet in 250 �l of lysis
buffer (25 mM EDTA, 1% sodium dodecyl sulfate, 0.5 mg of proteinase K per
ml) and by incubating this suspension at 50°C for 16 h. Samples were extracted
twice with phenol-chloroform-isoamyl alcohol (25:24:1) and once with chloro-
form:isoamyl alcohol, precipitated with ethanol, dried, and resuspended in 25 �l
of 10 mM Tris-Cl (pH 8). Samples were digested with RNase A (0.8 mg/ml) for
1 h at 37°C and separated on 0.8% agarose gels.

RESULTS

Nucleocytoplasmic relocalization of nucleolin, La, and
Sam68 in rhinovirus-infected cells. A number of cellular nu-
clear proteins have been shown to interact with picornaviral

RNA genomes or individual viral gene products. These include
the La autoantigen, which binds to the picornaviral IRESs and
stimulates translation in vitro (34); Sam68, which binds polio-
virus RNA-dependent RNA polymerase (33); and nucleolin,
which binds to the polioviral 3� UTR (68). Although roles for
these factors in the viral life cycle have yet to be defined, all
proteins relocate from the nucleus to the cytoplasm following
viral infection. To determine if rhinovirus infection causes the
cytoplasmic accumulation of nucleolin, La, and Sam68, the
distribution of these proteins was examined in mock- and rhi-
novirus-infected cells. Figure 1 shows that, as expected, nucleo-
lin, La, and Sam68 all reside in the nucleus in mock-infected
cells (17, 62, 69). In contrast, 6 h after infection with rhinovirus,
nucleolin, La, and Sam68 have all relocalized from the nucleus
to the cytoplasm. These results suggest that rhinovirus causes
nucleocytoplasmic relocalization of certain cellular proteins
that are normally nuclear residents. The cytoplasmic accumu-
lation of endogenous nuclear proteins was detectable by 4 to
5 h after infection and was complete by 6 to 7 h after infection
(data not shown). In cells infected with either poliovirus or
rhinovirus, relocalization first became apparent after inhibition
of host protein synthesis had occurred, and complete relocal-
ization coincided with the time of maximum viral protein syn-
thesis (data not shown). These results suggest a role for viral
proteins in causing the relocalization of cellular proteins from
the nucleus to the cytoplasm of infected cells.

Rhinovirus infection redistributes a reporter protein that
contains either a classical or M9 NLS. To examine whether
proteins that contain NLSs are redistributed to the cytoplasm
in cells infected with rhinovirus, we first monitored the distri-
bution of a fusion protein consisting of the EGFP fused in-
frame with the NLS from the simian virus 40 (SV40) large T
antigen (TAg). The SV40 TAg NLS interacts with a het-
erodimeric receptor consisting of importin-�, which recognizes
the NLS, and importin-�, which mediates docking of the re-
ceptor-NLS cargo to the NPC (38). Because the SV40 TAg
NLS was the first discovered import sequence, import medi-
ated by this NLS is said to follow the classical import pathway
(reviewed in references 25, 31, and 38). When HeLa cells that
stably express EGFP-NLS were infected with rhinovirus for
6 h, a significant amount of the EGFP-NLS protein accumu-
lated in the cytoplasm (Fig. 2A). In contrast, the distribution of
EGFP molecules that lacked an NLS did not change through-
out the course of infection (Fig. 2B). The relocalization of
EGFP-NLS was not due to proteolytic removal of the NLS,
because immunoblotting revealed no change in the mobility of
this protein during infection with rhinovirus (data not shown).
These results indicate that either rhinovirus infection inhibits
the import of EGFP-NLS or it enhances the export of this
protein, although the latter possibility seems unlikely, because
the TAg NLS has never been shown to function as a nuclear
export signal.

To determine if the effect of rhinovirus infection upon the
classical import pathway extends to other nucleocytoplasmic
trafficking pathways, we examined the localization of a reporter
protein that uses the transportin import pathway. Briefly,
transportin is the cellular receptor responsible for the nuclear
import of cargos containing an M9 NLS (reviewed in refer-
ences 25, 31, and 38). The M9 NLS is a glycine-rich, bidirec-
tional shuttling signal originally identified in the hnRNP A1
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(51). Cargos that contain the M9 NLS are recognized by trans-
portin, which then targets these cargos to the NPC, analogous
to the function of importin-� and -� in the classical import
pathway. Nuclear export of these cargos is mediated by an
as-yet-unidentified nuclear export receptor. When HeLa cells
were transiently transfected with plasmids that express an
EGFP-M9 fusion protein, this protein was localized predomi-

nantly to the nucleus (Fig. 3A). However, when transfected
cells were infected with rhinovirus for 6 h, a significant increase
in the amount of cytoplasmic EGFP-M9 was observed. Cyto-
plasmic accumulation of EGFP-M9 was not due to proteolytic
removal of the NLS from EGFP-M9 (data not shown). To
confirm that the redistribution of EGFP-M9 was due to a
functional NLS, we examined the effect of rhinovirus infection
on the distribution of EGFP fused to a mutant form of the M9
NLS (EGFP-M9G274A). This mutant contains a single-amino-
acid substitution and does not function as an NLS due to an
inability to bind transportin (51). EGFP-M9G274A, like EGFP,
resides both in the nucleus and the cytoplasm, because it can
diffuse between both of these cellular compartments (Fig. 3B).
When cells expressing EGFP-M9G274A were infected with rhi-
novirus, no change in its distribution was observed (Fig. 3B).
These results indicate that the relocalization of EGFP-M9 in
rhinovirus-infected cells was due to a disruption of the M9
trafficking pathway. Together with the analysis of the TAg
NLS, these results indicate that rhinovirus inhibits at least two
different nucleocytoplasmic trafficking pathways.

Nucleocytoplasmic relocalization of hnRNP A1, K, and C in
rhinovirus-infected cells. During poliovirus infection, several
nuclear proteins have been reported to relocalize to the cyto-
plasm of infected cells (22, 33, 34, 68). To determine whether

FIG. 1. Intracellular localization of endogenous cellular proteins in
uninfected and rhinovirus-infected cells. (A) Uninfected cells (mock
infected) or HeLa cells infected with rhinovirus for 6 h were fixed and
stained with an antibody directed against nucleolin. In the FITC pan-
els, cells were examined with an FITC filter to detect the indicated
antibodies. In the DNA panels, the same field was examined with a UV
filter to visualize Hoechst staining of nuclei. (B) Visualization of La
was performed as described for panel A. (C) Visualization of Sam68
was performed as described for panel A.

FIG. 2. Intracellular localization of EGFP and EGFP-NLS mole-
cules in uninfected and rhinovirus-infected cells. (A) HeLa cells stably
expressing EGFP-NLS were mock infected or infected with rhinovirus
as indicated. Cells were processed and examined by fluorescent mi-
croscopy 6 h after infection. EGFP fluorescence was visualized with an
FITC filter. In the DNA panels, Hoechst-stained nuclei were examined
with a UV filter. The panels on the right show the FITC and Hoechst
images merged. (B) HeLa cells stably expressing EGFP fusion proteins
were examined as described for panel A.
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rhinovirus infection resulted in a similar redistribution of nu-
clear proteins, we examined the subcellular location of hnRNP
A1, K, and C in infected cells.

Polypeptide hnRNP A1 has been implicated in pre-mRNA
splicing, as well as mRNA export, and shuttles between the
nuclear and cytoplasmic compartments due to the presence of
the M9 NLS (28, 38). Figure 4A shows that in uninfected cells,
hnRNP A1 displays a diffuse nucleoplasmic distribution that is
excluded from nucleoli, as previously reported (50). In con-
trast, when cells that have been infected with rhinovirus for 6 h
are examined, a significant amount of hnRNP A1 is found in
the cytoplasm (Fig. 4A). Therefore, hnRNP A1, like the M9-
containing GFP, relocalizes from the nucleus to the cytoplasm
in rhinovirus-infected cells.

To determine whether rhinovirus-induced inhibition of nu-
cleocytoplasmic trafficking extended to a third pathway, we
examined the distribution of hnRNP K. The shuttling protein
hnRNP K has been implicated in transcriptional regulation
and translational silencing (reviewed in reference 28). Move-
ment of hnRNP K between the cytoplasmic and nuclear com-
partments is mediated by the bidirectional K nuclear shuttling
(KNS) domain (35). The KNS domain is composed of 40
amino acids and is recognized by import and export receptors
that are distinct from those that mediate transport of classical
or M9-NLS-containing cargos (35). Indirect immunofluores-

cence analysis showed that hnRNP K was localized to the
nucleus of mock-infected cells (Fig. 4B). Six hours after infec-
tion with rhinovirus, however, hnRNP K had relocalized to the
cytoplasm of infected cells. This is exactly what was seen for
hnRNP A1 and shows that proteins containing classical, M9,
and KNS NLSs are relocalized in rhinovirus-infected cells.

Because both hnRNP A1 and K are known to shuttle be-
tween the nucleus and cytoplasm, it was possible that relocal-
ization was dependent upon this ability. To determine whether
shuttling was required for relocalization during rhinovirus in-
fection, we determined the location of hnRNP C in mock- and
rhinovirus-infected cells. The hnRNP C has been implicated in
a variety of processes, including packaging, splicing, and sta-
bility of mRNA and contains a bipartite NLS, suggesting that
it is imported via the classical pathway (28, 60). However,
hnRNP C does not shuttle, due to the presence of a 78-amino-
acid motif that functions as a nuclear retention signal (37).
Indirect immunofluorescence analysis of mock-infected cells
confirmed that hnRNP C was confined to the nucleus (Fig.
4C). After 6 h of infection with rhinovirus, however, a signif-
icant amount of hnRNP C was found in the cytoplasm. There-
fore, the cytoplasmic accumulation of nuclear proteins in rhi-
novirus-infected cells is not dependent upon the ability to
shuttle. As was observed with nucleolin, the cytoplasmic accu-
mulation of these endogenous nuclear proteins was noted by 4
to 5 h after infection and was complete by 6 to 7 h after
infection (data not shown).

To determine whether all nuclear proteins redistributed into
the cytoplasm during rhinovirus infection, we examined the
distribution of the splicing factor SC35 in infected cells. SC35
belongs to a family of essential splicing factors known as SR
proteins due to the presence of serine/arginine-rich regions
(18). Recently, the import of SR proteins was shown to be
dependent upon a novel member of the importin-� family of
proteins, known as transportin-SR, that specifically interacts
with the SR regions of these proteins (26). Analysis of SC35 by
indirect immunofluorescence revealed that it localized to nu-
clear speckles in uninfected cells, as previously reported (Fig.
4D) (18). Unlike what was seen for the hnRNPs, however, the
distribution of SC35 did not change during the course of rhi-
novirus infection (Fig. 4D). These results could indicate that
the transportin-SR import pathway is functional in rhinovirus-
infected cells. Alternatively, because SC35 does not possess
shuttling activity, it may be sequestered in the nucleus due to
interaction with other factors. However, these results demon-
strate that not all nuclear proteins relocalize to the cytoplasm
of rhinovirus-infected cells.

Inhibition of the classical nuclear import pathway in cells
infected with rhinovirus. The results presented above are con-
sistent with the hypothesis that rhinovirus infection results in
the inhibition of the nuclear import of a number of different
proteins. To test the effect of nuclear import directly, we as-
sayed the import of a cargo protein that contained a classical
NLS in infected cells that had been permeabilized with digito-
nin. In this assay, the cells were first treated with digitonin to
permeabilize the plasma membrane while leaving the nuclear
envelope intact (1). The cells were then washed to remove
soluble factors and assayed for nuclear import activity by add-
ing back cytosol, an energy-regenerating system and an import
cargo. When mock-infected cells were permeabilized, incu-

FIG. 3. Intracellular localization of EGFP-M9NLS and EGFP-
M9G274A molecules in mock-infected and rhinovirus-infected cells.
(A) HeLa cells were transiently transfected with plasmid pEGFP-
M9NLS (EGFP-M9) and mock infected or infected with rhinovirus at
40 h after transfection and examined 6 h after infection. Labeling of
panels is as described in the legend to Fig. 2. (B) Same as panel A,
except cells were transfected with plasmid pEGFP-M9G274A (EGFP-
M9MT).
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bated with the GST-NLS-EGFP cargo, an energy-regenerating
system and RRL as a cytosolic source, followed by an extensive
wash to remove nontransported cargo, nuclear fluorescence
was observed (Fig. 5A). In contrast, only low levels of the
GST-NLS-EGFP cargo accumulated in the nucleus when the
RRL was omitted (Fig. 5A). The appearance of nuclear fluo-
rescence required the presence of an NLS in the cargo and
incubation at temperatures above 0°C (data not shown), as well
as the presence of an energy-generating system (Fig. 5B).
When permeabilized rhinovirus-infected cells were assayed in
the presence or absence of RRL, very little accumulation of
the import cargo in the nucleus was observed (Fig. 5A). There-
fore, rhinovirus-infected permeabilized cells show a greatly
reduced ability to support the nuclear import of classical NLS-
containing cargo. Because the cytosol was removed during cell
preparation, these data suggest that insoluble components con-
tributed by the permeabilized infected cell are disrupted dur-
ing infection.

The first step in nuclear import is recognition of an NLS-
containing cargo by an import receptor. The receptor-cargo
complex then must dock at the cytoplasmic face of the NPC

before it transits the nuclear pore and cargo is released into the
nucleoplasm. Previous work has shown that in the absence of
energy, or at nonphysiological temperatures, receptor-cargo
complexes accumulate at the cytoplasmic face of the NPC,
indicative of docking (1). To determine if rhinovirus infection
affected docking, we examined the ability of permeabilized
cells to accumulate receptor-cargo complexes at the nuclear
rim in the absence of energy. Figure 5B shows that, as ex-
pected, when permeabilized mock-infected cells were incu-
bated in the absence of ATP, they accumulated import cargo at
the nuclear rim, consistent with the notion that docking had
occurred. In contrast, when rhinovirus-infected cells were as-
sayed under identical conditions, very little accumulation of
the GST-NLS-GFP cargo at the nuclear rim was observed (Fig.
5B). The same results were obtained when the assays were
carried out at 0°C (data not shown). These findings demon-
strate that one of the earliest steps in the process of nuclear
import (i.e., docking of receptor-cargo complexes at the NPC)
is disrupted in rhinovirus-infected cells. In these assays, the
NPCs are provided by infected cells, while the cargo and cy-
tosolic components are derived from uninfected cells. There-

FIG. 4. Intracellular localization of cellular proteins in uninfected and rhinovirus-infected cells. (A) Uninfected cells (mock infected) or HeLa
cells infected with rhinovirus for 6 h were fixed and stained with an antibody directed against hnRNP A1. In the FITC panels, cells were examined
with an FITC filter to detect indicated antibodies. In the DNA panels, the same field was examined with a UV filter to visualize Hoechst staining
of nuclei. (B) Visualization of hnRNP K was performed as described for panel A. (C) Visualization of hnRNP C was performed as described for
panel A. (D) Visualization of SC35 was performed as described for panel A.
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fore, it is likely that rhinovirus infection results in changes to
the NPC that prevent docking of receptor-cargo complexes.

Degradation of specific nucleoporins in rhinovirus-infected
cells. The vertebrate NPC has a mass of approximately 125
MDa and is composed of over 50 different proteins, collectively
called nucleoporins (Nups; reviewed in reference 63). Previ-
ously, we showed that during poliovirus infection, Nup153 and
p62 were degraded, correlating with the relocalization of cel-
lular proteins and the inability of infected cells to mediate
import in vitro (22). To determine whether rhinovirus infection
also targeted Nup153 and p62 for degradation, we examined
the status of these proteins during the course of infection.
Immunoblot analysis of whole-cell lysates revealed that the
levels of Nup153 and p62 were unaltered through the first 4 h
of infection (Fig. 6A), began to decline by 5 h postinfection,
and were almost undetectable by 7 h postinfection. These re-
sults were not due to differences in loading between lanes or to
a general degradation of proteins during rhinovirus infection,
because the levels of nucleolin remained unchanged (Fig. 6A).
Inhibition of translation by the addition of 100 �g of cyclohex-
imide per ml to infected cells prevented the degradation of
Nup153 and p62, indicating that protein synthesis following
viral entry was required for degradation (data not shown).
Inhibition of cellular transcription by the addition of 5 �g of
actinomycin D per ml did not prevent degradation of Nup153
or p62, demonstrating that transcription of a cellular mRNA
was not required (data not shown). To determine if the inhi-
bition of nuclear import induced by rhinovirus infection coin-
cides with any other events in the viral life cycle, we examined
the cleavage of the translation initiation factor eIF4GI and the
onset of inhibition of host protein synthesis. Our results show
that very little intact eIF4GI was present at 4 h after infection
and that incorporation of radiolabeled methionine into host
proteins was inhibited between 3 and 4 h following infection
(Fig. 6A) (data not shown). These results are in agreement

with those of previous reports (64) and demonstrate that the
inhibition of import described here does not occur until after
cellular protein synthesis has been inhibited and significant
amounts of viral proteins have accumulated.

To examine whether the results presented above reflected a
loss of Nup153 and p62 from the NPC itself and not just the
loss of a more easily extractable fraction, we visualized Nup153
and p62 by indirect immunofluorescence. Analysis of unin-
fected cells with monoclonal antibody 414, which detects both
Nup153 and p62, revealed the punctate nuclear rim staining
characteristic of NPC-associated factors recognized by this an-
tibody (Fig. 6B). When rhinovirus-infected cells were exam-
ined in this manner, a dramatic decrease in the staining with
this antibody was observed (Fig. 6B). To determine whether
this reflected a general loss of proteins from the nuclear en-
velope, we examined the status of the nuclear lamins A and C
in uninfected and infected cells. Figure 6B shows that in mock-
infected cells, an antibody to lamins A and C stained the
nuclear rim. Although the nuclei of cells that have been in-
fected with rhinovirus for 6 h were shrunken and more irreg-
ularly shaped than those of mock-infected cells, indirect im-
munofluorescence with antibody to lamins A and C revealed
significant staining that coincided with the Hoechst stain (Fig.
6B). These results demonstrated that the amount of Nup153
and p62 in the NPC of rhinovirus-infected cells is significantly
reduced at a time that coincides with the cytoplasmic accumu-
lation of several different nuclear proteins.

Comparison of nucleoporin degradation during apoptosis
and picornavirus infection. Previous work has shown that in
cells undergoing apoptosis, specific components of the NPC
are degraded in a caspase 3-dependent manner (10, 16). Po-
liovirus has been shown to possess a proapoptotic activity that
causes the activation of caspases (2). We wished to determine
if there were any similarities between the NPC alterations
observed during apoptosis and those observed during infection

FIG. 5. Cell-free nuclear import assays. (A) Uninfected cells (mock infected) or cells that had been infected with rhinovirus for 6 h were
permeabilized and used in an in vitro nuclear import assay. Assays were carried out in the presence (�RRL) or absence (�RRL) of RRL as a
source of cytosolic factors. Top panels show GFP with an FITC filter, and bottom panels show Hoechst staining of DNA with a UV filter. All GFP
images were acquired in Photoshop 5.0 (Adobe Systems, Inc.) with identical exposure times and manipulations. (B) Same as panel A, except
creatine kinase, creatine phosphate, ATP, and GTP were omitted from the reaction. GFP images were acquired with the same exposure time as
panel A.
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with either poliovirus or rhinovirus. Treatment of cells with the
metabolic inhibitors cycloheximide and actinomycin D has
been shown to result in the rapid induction of apoptosis in
cultured human cells (30). When human HeLa cells were in-
cubated with actinomycin D and cycloheximide, several key
features of apoptosis were observed. These included the frag-
mentation of genomic DNA into low-molecular-mass forms
and the appearance of the 89-kDa cleavage product of PARP
(Fig. 7A and B, lane 6). Both fragmentation of genomic DNA
and degradation of PARP could be prevented by coincubation

with the caspase inhibitor z-VAD-fmk, confirming that these
events were dependent upon caspase activity (Fig. 7A and B,
lane 7). When picornavirus-infected cells were examined in a
similar manner, little fragmentation of cellular genomic DNA

FIG. 6. Analysis of nuclear pore complex composition in rhinovi-
rus-infected HeLa cells. (A) Fifty micrograms of whole-cell lysates
prepared from mock-infected cells or cells that had been infected with
rhinovirus for the indicated length of time was analyzed by immuno-
blotting with monoclonal antibody 414 to detect Nup153 and p62 or
MS3 to detect nucleolin. eIF4GI was detected with rabbit polyclonal
sera. An asterisk indicates rhinovirus-specific degradation products of
eIF4GI. hpi, hours postinfection. (B) Indirect immunofluorescence
with monoclonal antibodies 414 and SC-7292 to detect nucleoporins
and lamins, respectively. Cells were either uninfected (mock infected)
or infected with rhinovirus for 6 h (rhinovirus infected). The top panels
show cells examined with an FITC filter, and the bottom panels show
the same fields examined with a UV filter to detect Hoechst staining.
FITC images for a given antibody were acquired with identical expo-
sure times and adjustments.

FIG. 7. Analysis of Nup153 and p62 in apoptotic and picornavirus-
infected cells. (A) Electrophoresis of genomic DNA isolated from
HeLa cells following various treatments. mock, lysate from mock-
infected cells; polio, lysates from cells that have been infected with
poliovirus for 5 h; rhino, lysates from cells that have been infected with
rhinovirus for 6 h; ActD/Cx, lysates from cells that have been treated
with actinomycin D and cycloheximide for 6 h; z-VAD, z-VAD-fmk
added immediately following virus adsorption or coincident with the
addition of actinomycin D and cycloheximide; M, molecular size mark-
ers (kilobases). (B) Fifty micrograms of whole-cell lysates prepared
from cells treated as described in panel A was analyzed by immuno-
blotting to detect PARP. The positions of the full-length and cleaved
forms of PARP are indicated by PARP and PARP�, respectively. The
positions of molecular mass markers (in kilodaltons) are indicated.
(C) Fifty micrograms of whole-cell lysates was analyzed by immuno-
blotting with monoclonal antibody 414 to detect Nup153 and p62. The
positions of the full-length and cleaved forms of Nup153 are indicated
by Nup153 and Nup153�, respectively. The positions of molecular
mass markers (in kilodaltons) are indicated.
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was observed (Fig. 7A, lanes 2 and 4). The small amount of
cleaved PARP seen in poliovirus-infected cells (Fig. 7B, lane 2)
is consistent with previous reports showing a small induction of
caspase 3 and 7 activity in productively infected cells (3). In
agreement with this, cleavage of PARP in poliovirus-infected
cells was inhibited by the addition of z-VAD-fmk (Fig. 7B, lane
3). Very little PARP cleavage was observed in rhinovirus-
infected cells (Fig. 7B, lane 4).

Immunoblot analysis of apoptotic cells confirmed that
Nup153 was cleaved to produce a 130-kDa product, and this
could be prevented by the addition of z-VAD-fmk (Fig. 7C,
lanes 6 and 7) (10, 16). As previously shown, p62 was not a
target for degradation in apoptotic cells (Fig. 7C, compare
lanes 1 and 6) (10, 16). However, analysis of these NPC com-
ponents in cells infected with poliovirus or rhinovirus revealed
distinct differences when compared to apoptotic cells. Specif-
ically, degradation of Nup153 in both poliovirus- and rhinovi-
rus-infected cells did not reveal the 130-kDa cleavage product,
which was readily detected in apoptotic cells (Fig. 7C, compare
lanes 2, 4, and 6). Additionally, while p62 was not a target for
degradation during apoptosis, infection with either poliovirus
or rhinovirus resulted in the loss of this NPC component (Fig.
7C, compare lanes 2, 4, and 6). To test directly whether
caspases were involved in degradation of Nup153 and p62,
z-VAD-fmk was added to cells following infection with polio-
virus or rhinovirus. The addition of z-VAD-fmk had a minor
inhibitory effect upon degradation of Nup153 and p62 after 5 h
in poliovirus-infected cells, but resulted in very little degrada-
tion of these NPC components after 6 h in rhinovirus-infected
cells (Fig. 7C, lanes 3 and 5). However, lysates from cells
infected with rhinovirus for 8 h in the presence of z-VAD-fmk
revealed degraded Nup153 and p62 protein species (data not
shown). These results indicate that z-VAD-fmk delays, but
does not prevent, the degradation of Nup153 or p62 in rhino-
virus-infected cells.

If one of the viral proteases is responsible for degradation of
Nup153 and p62, these results would indicate that the rhino-
virus and poliovirus proteases have differential sensitivities to
z-VAD-fmk. However, analysis of [35S]methionine-labeled ly-
sates prepared from cells infected with rhinovirus or poliovirus
in the presence of z-VAD-fmk revealed no differences in the
processing patterns of the viral polyprotein, although viral pro-
tein synthesis was slightly inhibited (data not shown). Because
the activities of picornavirus 2A and 3C proteases were not
inhibited by z-VAD-fmk, these results suggest that poliovirus
and rhinovirus infections activate either two distinct cellular
proteases or a common protease that is more sensitive to
z-VAD-fmk at the lower temperature used for rhinovirus in-
fections (32 versus 37°C). While these results do not rule out a
possible role for caspases in degradation of NPC components
during picornavirus infection, they demonstrate that the tar-
gets of degradation and the cleavage products produced during
picornavirus infection are different from those seen during
apoptosis.

Finally, cells infected with rhinovirus for 6 h in the presence
of z-VAD-fmk showed less cytoplasmic accumulation of
hnRNP A1 than in the absence of z-VAD-fmk (data not
shown). However, if the time of infection was extended in the
presence of z-VAD-fmk, relocalization of hnRNP A1 and deg-
radation of Nup153 and p62 were indistinguishable from those

seen in the absence of z-VAD-fmk (data not shown). Together,
these findings support the idea that the degradation of NPC
components correlates with the relocalization of hnRNP A1 to
the cytoplasm of picornavirus-infected cells. Cells infected with
a low MOI of rhinovirus produced two- to threefold less virus
in the presence of z-VAD-fmk than in the absence of z-VAD-
fmk, suggesting that treatment with z-VAD-fmk delays relo-
calization of hnRNP A1 and degradation of nucleoporins, but
does not dramatically reduce viral yield.

DISCUSSION

The experiments presented above were designed to deter-
mine if rhinovirus causes a disruption in the normal trafficking
of proteins between the nucleus and the cytoplasm. Our results
demonstrate that a variety of shuttling and nonshuttling pro-
teins that utilize different import pathways accumulate in the
cytoplasm of rhinovirus-infected cells. Strikingly, relocalization
could be conferred upon a heterologous protein simply by the
addition of a functional NLS of either the classical or M9
pathway, suggesting that the nucleocytoplasmic trafficking ma-
chinery was impaired during infection. Using an in vitro import
assay, we demonstrated directly that infected cells were defi-
cient in their ability to support nuclear import of a cargo
containing a classical NLS. Analysis of NPC components in
rhinovirus-infected cells revealed that Nup153 and p62 were
degraded. These results clearly demonstrate that rhinovirus
infection causes an inhibition of the classical nuclear import
pathway and suggest that other pathways may also be inhibited.

The finding that viruses belonging to two different genera in
the picornavirus family cause an inhibition of nuclear import
and target NPC components for degradation suggests that this
may be common to most or even all members of this family. In
support of this hypothesis, Belov and colleagues have reported
that an EGFP-NLS fusion protein similar to the one used here
accumulates in the cytoplasm of cells infected with coxsack-
ievirus B3, although the status of Nup153 and p62 was not
examined in that study (8).

Other RNA viruses have also been reported to cause the
relocalization of nuclear proteins and to inhibit nucleocyto-
plasmic trafficking. For example, mouse hepatitis virus, a pos-
itive-stranded RNA virus belonging to the Coronavirus family,
was shown to cause cytoplasmic accumulation of hnRNP A1
(29). The matrix (M) protein of vesicular stomatitis virus, a
negative-stranded RNA virus belonging to the family Rhab-
dovirus, can block multiple transport pathways when expressed
in Xenopus oocytes (23, 48, 67). As with the picornaviruses, the
ability of the M protein to inhibit transport is conserved across
a number of different vesiculoviruses, indicating a selective
advantage to maintaining this function (47). The M protein is
localized to the NPC, and its ability to inhibit transport is
blocked in mutants that have lost the ability to associate with
the NPC (47, 48, 67). These findings raise the possibility that
disruption or alteration of nuclear transport pathways through
targeting of NPC components may be a common occurrence in
cells infected by RNA viruses.

Currently, the mechanism responsible for the inhibition of
nuclear import in picornavirus-infected cells is not known. Our
results demonstrate that degradation of Nup153 and p62 cor-
related well with the cytoplasmic accumulation of nuclear pro-
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teins and the inability of permeabilized infected cells to sup-
port import in vitro. Nup153 has been shown to interact with a
variety of import and export receptors as well as the GDP-
bound form of RAN (9, 36, 39, 58, 59, 73) and has been shown
to play a role in the export of mRNA, snRNA, and 5S rRNA
(7, 66). Protein p62 is found in the central channel of the NPC
(20) and has been shown to interact with importin-� family
members (9, 24, 27, 36, 46, 73) and NTF2 (44), a protein
critical for the proper recycling of RAN between the nucleus
and cytoplasm (52, 61). The loss of either Nup153 or p62 could
have effects that extend to multiple transport pathways and
result in the effects described here. While the proteolysis of
Nup153 and p62 in rhinovirus-infected cells suggests a rela-
tively simple mechanism for the inhibition of import reported
here, it is not clear if the loss of these two nucleoporins is
necessary or sufficient to cause these effects. The NPC is com-
posed of over 50 different proteins, and our analysis has ex-
amined the status of only 2 of them. One possibility, therefore,
is that rhinovirus and poliovirus target as-yet-unidentified
nucleoporins, which directly inhibit import or trigger the deg-
radation of Nup153 and p62.

Several studies suggest that, in cells, stress-responsive sig-
naling pathways exist that lead to the redistribution of cellular
proteins and, in some cases, alterations in NPC composition.
For example, in the arrest of secretion response (ASR), yeast
cells that harbor temperature-sensitive mutations in genes re-
quired for the proper function of the protein secretory appa-
ratus, redistribute nuclear proteins and a number of NPC com-
ponents to the cytoplasm at the nonpermissive temperature
(40, 41). These results suggest the presence of a signaling
mechanism that monitors the proper functioning of the secre-
tory system. Poliovirus infection is known to inhibit protein
secretion (14), raising the possibility that poliovirus activates a
mammalian counterpart to the yeast ASR, which may be re-
sponsible for some or all of the effects described here.

As described above, a variety of cellular signaling pathways
result in alterations to NPC structure and nucleocytoplasmic
trafficking pathways. The effect of poliovirus and rhinovirus
infection on nuclear import may therefore be part of the re-
sponse of the host cell to the stress of infection. Regardless of
whether these effects are caused by viral or cellular activities, it
will be interesting to elucidate the mechanisms underlying the
inhibition of nuclear import and the degradation of NPC com-
ponents in picornavirus-infected cells.
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