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trafficking and nuclear pore complex composition

Kurt E.Gustin and Peter Sarnow’

Department of Microbiology and Immunology, Stanford University
School of Medicine, Stanford, CA 94305, USA

'Corresponding author
e-mail: psarnow @leland.stanford.edu

Infection of eukaryotic cells with lytic RNA viruses
results in extensive interactions of viral gene products
with macromolecular pathways of the host, ultimately
leading to death of the infected cells. We show here
that infection of cells with poliovirus results in the
cytoplasmic accumulation of a variety of shuttling and
non-shuttling nuclear proteins that use multiple
nuclear import pathways. In vitro nuclear import
assays using semi-permeabilized infected cells con-
firmed that nuclear import was blocked and demon-
strated that docking of nuclear import receptor—cargo
complexes at the cytoplasmic face of the nuclear
pore complex (NPC) was prevented. Analysis of
components of the NPC revealed that two proteins,
Nup153 and p62, were proteolyzed during poliovirus
infection. These results suggest that the cytoplasmic
relocalization of numerous cellular proteins is caused
by the inhibition of multiple nuclear import pathways
via alterations in NPC composition in poliovirus-
infected cells. Blocking of nuclear import points to a
novel strategy by which cytoplasmic RNA viruses can
evade host immune defenses, by preventing signal
transduction to the nucleus.
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Introduction

Poliovirus is a positive-stranded RNA virus whose
replicative cycle is carried out entirely in the cytoplasm
of the infected host cell. The 7500 nucleotide genome
encodes a 220 kDa polyprotein, which is processed by
virus-encoded proteases to yield the final structural and
non-structural proteins (reviewed in Rueckert, 1996).
Extensive virus—host interactions can be observed in
infected cells, such as induction and subsequent inhibition
of apoptosis (Tolskaya et al., 1995; Agol et al., 2000),
inhibition of host cell mRNA translation (Etchison et al.,
1982; Gradi et al., 1998), inactivation of the cellular
transcription machinery (Clark et al., 1993; Yalamanchili
et al., 1997), inhibition of host protein secretion (Doedens
and Kirkegaard, 1995) and subversion of endoplasmic
reticulum membranes to generate sites for viral replication
complexes (Bienz et al., 1983; Suhy et al., 2000).
Despite the cytoplasmic location of the viral replication
complexes, a number of host nuclear proteins have been
shown to interact with viral RNA or viral gene products.
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For example, the La autoantigen enhances translation of
the viral mRNA in cell-free translation systems through
interaction with the internal ribosome entry site (IRES)
(Meerovitch et al., 1989). Additionally, the nuclear factor
Sam68 interacts with the viral RNA-dependent RNA
polymerase 3D (McBride et al., 1996), and nucleolin can
be crosslinked to the 3’ non-coding region (3 NCR) of
replication-competent, but not replication-defective viral
mRNAs (Waggoner and Sarnow, 1998). Although clear
roles for La, Sam68 and nucleolin in the viral life cycle
have yet to be defined, they all relocalize from the nucleus
to the cytoplasm during poliovirus infection (Meerovitch
et al., 1989; McBride et al., 1996; Waggoner and Sarnow,
1998).

In this study, we have examined the mechanism
responsible for the accumulation of host nuclear proteins
in the cytoplasm of poliovirus-infected cells. We show that
reporter fusion proteins carrying either a classical or a
transportin nuclear localization signal (NLS) relocalize
from the nucleus to the cytoplasm in poliovirus-infected
cells. Furthermore, several endogenous nuclear proteins
that utilize either the classical, transportin or other nuclear
import pathways were found to accumulate in the
cytoplasm of infected cells, suggesting that poliovirus
infection causes a general inhibition of nuclear—
cytoplasmic trafficking. This notion was substantiated by
the finding that NLS-containing cargo was blocked from
entering the nucleus in a cell-free nuclear import assay
derived from infected cells. Analysis of the nuclear pore
complex (NPC) revealed that at least two proteins, Nup153
and p62, were proteolyzed in infected cells. These findings
suggest an intriguing mechanism by which lytic cytoplas-
mic RNA viruses may subvert nuclear import and, likely,
cell signaling pathways to prevent onset of antiviral
responses.

Results

Reporter proteins that contain either classical or
transportin nuclear import signals accumulate in
the cytoplasm of poliovirus-infected cells

We have reported that nucleolin relocalizes from the
nucleolus to the cytoplasm in poliovirus-infected cells. In
contrast, fibrillarin, another resident of the nucleolus, did
not exit the nucleolus in infected cells (Waggoner and
Sarnow, 1998). Nucleolin contains a bipartite NLS
(Schmidt-Zachmann and Nigg, 1993), which serves as
cargo for the classical import pathway. Nuclear import by
this pathway is mediated by a heterodimer, consisting of
the NLS binding adapter importin o and the receptor
importin , which mediates transport of the cargo—receptor
complex through the NPC (reviewed in Izaurralde and
Adam, 1998; Mattaj and Englmeier, 1998; Nakielny and
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Dreyfuss, 1999). To examine the mechanism of cyto-
plasmic accumulation of nucleolin in infected cells, we
tested whether nuclear import and export pathways were
functional in poliovirus-infected cells.

To monitor whether the classical nuclear import path-
way was altered in poliovirus-infected cells, cell lines that
stably express the enhanced green fluorescent protein
(EGFP) or EGFP linked to a NLS derived from the large
T antigen of simian virus 40 (EGFP-NLS) were isolated
and infected with poliovirus. Cells expressing EGFP
displayed fluorescence in both the nucleus and the
cytoplasm (Figure 1A, Mock-infected). This finding was
expected because the size of EGFP (~30 kDa) permits
diffusion between the nucleus and the cytoplasm. The
distribution pattern of EGFP without an NLS was not
altered when the cells were infected with poliovirus for a
period of 4.5 h (Figure 1A, Poliovirus-infected). Thus,
infection with poliovirus had no significant effect on the
cellular distribution of a reporter protein lacking an NLS.
As expected, EGFP containing a NLS resided entirely in
the nucleus of mock-infected cells (Figure 1B, Mock-
infected). Infection of EGFP-NLS-expressing cells with
poliovirus resulted in significant accumulation of
EGFP-NLS in the cytoplasm (Figure 1B, Poliovirus-
infected). Because poliovirus encodes several proteases
that can degrade non-viral proteins (Clark et al., 1993;
Yalamanchili et al., 1997; Gradi et al., 1998; Joachims
etal., 1999), it was possible that proteolysis of EGFP-NLS
resulted in cytoplasmic relocalization of EGFP molecules
that had lost the NLS. Such a mechanism has been
postulated for the cytoplasmic relocalization of the La
autoantigen in infected cells (Shiroki et al., 1999).
However, Figure 1C shows that the EGFP-NLS and
EGFP proteins were not proteolyzed in infected cells.
Therefore, either poliovirus infection results in the inhib-
ition of nuclear import of EGFP-NLS, or viral infection
stimulates enhanced export of NLS-containing EGFP from
the nucleus to the cytoplasm. If the latter scenario were the
case, enhanced export would be specific to NLS-contain-
ing cargo molecules, because EGFP did not relocalize to
the cytoplasm in infected cells (Figure 1A).

A similar strategy was used to determine whether
poliovirus infection affected the transportin import path-
way. Cargos that use the transportin pathway consist of a
variety of heterogeneous nuclear ribonucleoproteins
(hnRNPs) that contain a glycine-rich motif, known as
the M9 NLS, which is recognized by the import receptor
transportin (reviewed in Izaurralde and Adam, 1998;
Mattaj and Englmeier, 1998; Nakielny and Dreyfuss,
1999). Shuttling is mediated by the bidirectional M9
signal, which targets M9-containing cargo to the nuclear
import receptor transportin and to an as yet unidentified
nuclear export receptor (Nakielny and Dreyfuss, 1999).
The M9 NLS of hnRNP A1 (Pollard et al., 1996) was fused
to EGFP and the intracellular distribution of EGFP-
MONLS molecules was examined after transient transfec-
tion of EGFP-MO9NLS-expressing plasmids into HeLa
cells. Again, this molecule is small enough to diffuse
across the NPC. Figure 2A shows that the EGFP-M9NLS
fusion protein resided predominantly in the nucleus in
mock-infected cells. However, infection with poliovirus
resulted in a noticeable accumulation of EGFP-MINLS in
the cytoplasm (Figure 2A). This redistribution was not due
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Fig. 1. Intracellular localization of EGFP and EGFP-NLS molecules
in uninfected and poliovirus-infected cells. (A) HeLa cells stably
expressing EGFP were mock infected or infected with poliovirus

as indicated. Cells were processed and examined by fluorescent
microscopy at 4.5 h after infection. EGFP fluorescence was visualized
using a FITC filter. DNA: Hoechst 33258-stained nuclei were
examined with a UV filter. Merged: shows the FITC and Hoechst
images merged. (B) HeLa cells stably expressing EGFP-NLS fusion
proteins were examined as described in (A). (C) Immunoblot analysis
of EGFP-NLS- and EGFP-expressing cell lines. Whole-cell lysates
were prepared after 4.5 h of infection from either mock- or poliovirus-
infected cells. EGFP was detected by immunoblotting using a
polyclonal antibody to GFP (Clontech).

to proteolytic removal of the M9 NLS, as no difference in
the mobility of the EGFP-MONLS protein was observed in
uninfected and infected cell lysates (data not shown). To
determine whether the relocalization of EGFP-MI9NLS
required a functional NLS, we examined the distribution
of EGFP-MY9NLS molecules in which the glycine at
position 274 was changed to alanine (EGFP-M9G,7,A)
(Pollard et al., 1996). This mutation has been shown to
abrogate the ability of the M9 sequence to mediate nuclear
import and export. EGFP-M9G,,4A resided both in the
cytoplasm and in the nucleus in both mock- and
poliovirus-infected cells (Figure 2B), consistent with the
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Fig. 2. Intracellular localization of EGFP-MINLS and
EGFP-M9G,74A molecules in mock-infected and poliovirus-infected
cells. (A) HeLa cells were transiently transfected with plasmid pEGFP-
MONLS and mock infected or infected with poliovirus at 40 h after
transfection and examined 4.5 h after infection. Labeling of panels is as
described in Figure 1. (B) Same as in (A), except that cells were
transfected with plasmid pEGFP-M9G,74A.
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expected defect of this molecule in nuclear import.
Importantly, the intracellular distribution of EGFP-
MONLS in poliovirus-infected cells was indistinguishable
from the distribution of EGFP-M9G,7,A in mock- or
poliovirus-infected cells (Figure 2). These findings show
that reporter proteins that contain either classical or M9-
type NLS motifs relocalize to the cytoplasm in poliovirus-
infected cells; therefore, it is suggested that these two
import pathways are disrupted in some way in infected
cells.

Endogenous proteins that utilize several different
nuclear import pathways are relocalized to the
cytoplasm in poliovirus-infected cells

To determine whether the nuclear localization of endo-
genous cellular proteins besides La, Sam68 and nucleolin
was affected in poliovirus-infected cells, we examined the
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subcellular distribution of hnRNPs Al, K and C in the
presence and absence of poliovirus infection.

The well-studied hnRNP Al protein shuttles between
the nucleus and the cytoplasm and is involved in both pre-
mRNA splicing and nuclear export of mRNA molecules
(reviewed in Dreyfuss et al., 1993). Indirect immuno-
fluorescence analysis of cells revealed that hnRNP A1 did
relocalize from the nucleus to the cytoplasm during the
course of infection with poliovirus (Figure 3A). The
kinetics of relocalization were very similar to those
reported previously for La (Meerovitch et al., 1993),
Sam68 (McBride et al., 1996) and nucleolin (Waggoner
and Sarnow, 1998), with cytoplasmic staining becoming
detectable at 3 h after infection and essentially complete
relocalization occurring by 4.5 h after infection
(Figure 3A). Previous work has shown that inhibitors of
RNA polymerase II can cause relocalization of hnRNP Al
from the nucleus to the cytoplasm (Pinol-Roma and
Dreyfuss, 1991). To examine whether the cytoplasmic
accumulation of hnRNP Al in infected cells was caused by
the poliovirus-induced inhibition of cellular transcription
(Clark et al., 1993), we examined the cytoplasmic
accumulation of hnRNP Al in cells treated with
actinomycin D. Comparison of Figure 3A with E shows
that the cytoplasmic accumulation of hnRNP A1 observed
in infected cells was more dramatic than in actinomycin D-
treated cells. Thus, inhibition of transcription alone is not
sufficient to explain the relocalization of hnRNP Al in
poliovirus-infected cells.

The shuttling protein hnRNP K can function as an
activator or repressor of transcription (reviewed in Krecic
and Swanson, 1999) and in translational silencing of
the 15-lipoxygenase mRNA (Ostareck er al., 1997).
Nuclear—cytoplasmic shuttling is mediated by a 40
amino acid motif, termed KNS, which targets hnRNP K
to both import and export receptors that are distinct from
the receptors that transport classical NLS- or M9 NLS-
containing proteins (Michael et al., 1997). Indirect
immunofluorescence analysis showed that hnRNP K was
localized predominantly to the nucleus in mock-infected
cells. Like hnRNP A1, hnRNP K relocalized to the
cytoplasm after 4.5 h of infection with poliovirus
(Figure 3B). The kinetics of relocalization were very
similar to those described above for hnRNP Al. These
results show that proteins containing classical, M9 and
KNS NLSs are relocalized in poliovirus-infected HeLa
cells.

Nucleolin, Sam68, La, hnRNP A1 and hnRNP K are all
known to shuttle between the nucleus and cytoplasm.
Thus, it was possible that relocalization to the cytoplasm
during poliovirus infection might be limited to shuttling
proteins. To explore this possibility, we examined the
distribution of hnRNP C in poliovirus-infected cells.
hnRNP C is a very abundant nuclear protein, which forms
hetero-tetrameric complexes that can bind cooperatively to
RNA (Krecic and Swanson, 1999). Although hnRNP C has
been implicated in nuclear RNA metabolism (Krecic and
Swanson, 1999) and embryonic development in the mouse
(Williamson et al., 2000), its exact roles in these processes
are unknown. Importantly, hnRNP C resides entirely in the
nucleus due to the presence of a 78 amino acid motif,
which functions as a nuclear retention signal (Nakielny
and Dreyfuss, 1996). Indirect immunofluorescence



analysis revealed that hnRNP C resided in the nucleus in
mock-infected cells, but relocalized from the nucleus to
the cytoplasm by 4.5 h after infection with poliovirus
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(Figure 3C). Interestingly, hnRNP C seemed to relocalize
with slightly delayed kinetics compared with the shuttling
proteins (Figure 3, compare C with A and B), suggesting
that nuclear retention may affect the redistribution of
proteins during poliovirus infection. In any case, these
results indicate that nuclear—cytoplasmic shuttling is not
required for a nuclear protein to relocalize to the
cytoplasm during poliovirus infection.

Nuclear localization of splicing factor SC35
remains unaffected in poliovirus-infected cells

We have shown previously that the nucleolar protein
fibrillarin and the nuclear TATA binding protein failed to
relocalize during poliovirus infection (McBride et al.,
1996; Waggoner and Sarnow, 1998), indicating that not all
nuclear proteins relocalize in poliovirus-infected cells.
Recently, it has been shown that a group of abundant
serine/arginine-rich proteins, known as SR proteins, are
imported into the nucleus by a novel receptor, termed
transportin-SR (Kataoka et al., 1999). SR proteins, such as
SC35, are essential splicing factors that can also regulate
alternate splice-site selection (reviewed in Fu, 1995). The
SR domain in these proteins functions as an NLS
by interacting with transportin-SR, a member of the
importin B family of receptor proteins (Kataoka et al.,
1999). To determine whether SR proteins are relocalized
during poliovirus infection, we examined the subcellular
distribution of SC35, a non-shuttling splicing factor, in
uninfected and infected cells. Figure 3D shows that SC35
localized to characteristic nuclear speckles (Fu, 1995) both
in mock- and poliovirus-infected cells. A similar obser-
vation was reported by Meerovitch et al. (1993) who noted
that SC35 had not relocalized by 3 h in poliovirus-infected
cells. The failure of SC35 to relocalize could indicate that
the transportin-SR pathway remains functional in polio-
virus-infected cells. Alternatively, pre-existing SC35 may
be sequestered in the nucleus and unable to relocalize to
the cytoplasm in infected cells, while the levels of newly
synthesized SC35 in the cytoplasm may be too low to
detect by indirect immunofluorescence. More importantly,
these results show that not all nuclear proteins accumulate
in the cytoplasm in poliovirus-infected cells, making it
unlikely that a poliovirus-induced leakage of the nuclear
envelope caused the cytoplasmic accumulation of nucleo-
lin and selected hnRNPs.

Fig. 3. Intracellular localization of endogenous cellular proteins in
uninfected and poliovirus-infected cells. (A) Uninfected (Mock-
infected) or HeLa cells infected with poliovirus for 1.5, 3 or 4.5 h were
fixed and stained with an antibody directed against hnRNP Al. Top
panels show cells examined using a FITC filter, bottom panels show
Hoechst 33258 staining of the same field using a UV filter or an
overlay of the UV image onto a phase image (Mock-infected). (B) At
the times indicated cells were fixed and stained with an antibody
directed against hnRNP K. Labeling of the panels is as described

for (A). (C) At the times indicated, cells were fixed and stained with a
monoclonal antibody directed against hnRNP C. (D) Mock- or
poliovirus-infected cells were fixed and stained using a monoclonal
antibody specific for SC35. (E) Mock-infected HeLa cells were
incubated without or with actinomycin D (5 pg/ml) for 4 h (Act D
Treated), then fixed and stained with an antibody directed against
hnRNP Al.
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Fig. 4. Cell-free nuclear import assays. (A) Uninfected cells (Mock-
infected) or cells that had been infected with poliovirus for 4 h
(Poliovirus-infected) were permeabilized and used in an in vitro
nuclear import assay. Assays were carried out in the presence (+RRL)
or absence (—RRL) of rabbit reticulocyte lysate as a source of cytosolic
factors. Top panels show GFP using a FITC filter and bottom panels
show Hoechst 33258 staining of DNA using a UV filter. All GFP
images were acquired using identical exposure times and manipulations
in Photoshop 5.0. (B) Same as in (A), except that creatine kinase,
creatine phosphate, ATP and GTP were omitted from the reaction. GFP
images were acquired using the same exposure time as in (A).

(C) Longer exposure of GFP fields in (B).

Import of an EGFP-NLS cargo in a cell-free nuclear
import assay is impaired in poliovirus-infected
cells

To test directly whether nuclear import is inhibited by
poliovirus infection, we monitored the nuclear import of a
classical NLS-containing protein in digitonin-permeabil-
ized cells in the presence of cytosol and energy (Adam
et al., 1990). When permeabilized mock-infected cells
were incubated with GFP-NLS, an energy-regenerating
system and rabbit reticulocyte lysate (RRL) as a source of
cytosolic factors, nuclear fluorescence was observed
(Figure 4A, Mock-infected, +RRL). In contrast, only low
levels of the GFP-NLS import substrate accumulated in
the nucleus when the RRL was omitted (Figure 4A, Mock-
infected, —-RRL). Nuclear fluorescence was dependent on
an NLS, because substrates lacking an NLS did not exhibit
nuclear fluorescence in the presence of RRL (data not
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shown). When permeabilized poliovirus-infected cells
were incubated in the presence or absence of RRL, levels
of nuclear fluorescence were indistinguishable from that
seen when mock-infected cells were incubated in the
absence of RRL (Figure 4A, Poliovirus-infected). These
data show that poliovirus infection results in an inability to
mediate nuclear import of cargo in a cell-free system,
suggesting that components of the nuclear import machin-
ery are altered by poliovirus infection.

Receptor-cargo complexes are unable to dock at
the NPC in poliovirus-infected cells

For nuclear import to occur, receptor—cargo complexes
must first dock at the cytoplasmic face of the NPC, and
presumably are then translocated through the nuclear pore
before cargo is released in the nucleoplasm. Thus, we
tested whether docking of the receptor—cargo complex
at the NPC was affected in poliovirus-infected cells.
Previous work has shown that in the absence of an energy
source, or at non-physiological temperatures, cargo—
receptor complexes can not translocate through the pore;
instead, they accumulate at the cytoplasmic face of the
NPC (Adam et al., 1990). Figure 4B shows that
permeabilized mock-infected cells that were incubated in
the presence or absence of RRL, but without an energy
source (see Materials and methods), accumulated the
GFP-NLS import cargo at the nuclear rim, indicating that
docking had occurred. In contrast, poliovirus-infected
cells that were incubated under identical conditions
accumulated very little cargo at the nuclear rim.
Figure 4C shows a longer exposure of Figure 4B,
displaying more clearly the accumulation of the import
cargo at the nuclear rim; at this length of exposure, some
nuclear background fluorescence was observed in permea-
bilized poliovirus-infected cells. Identical results were
obtained when the assays were carried out at 0°C (data not
shown). The inability of receptor—cargo complexes to
dock at the NPC in permeabilized, poliovirus-infected
cells indicates that one of the earliest steps in nuclear
import is prevented in poliovirus-infected cells.

The CRM1 nuclear export pathway is functional in
poliovirus-infected cells

The results presented so far are consistent with poliovirus
infection causing an inhibition of multiple import path-
ways, with the possible exception of the transportin-SR
pathway. However, effects on export pathways might also
explain the rapid exit of factors from the nucleus and their
accumulation in the cytoplasm in infected cells. To
examine this possibility, we employed an experimental
system that was designed to monitor selectively the export
of nuclear molecules (Love et al., 1998). Briefly, the
HIV-1 protein Rev, which localizes to the nucleolus, was
fused to the hormone binding domain of the glucocorticoid
(GC) receptor and GFP (Love et al., 1998). The
N-terminal Rev protein contains a classical NLS (Malim
et al., 1989) and a leucine-rich nuclear export signal
(NES), which is recognized by the Crm1 export receptor
(Fischer et al., 1995). The hormone binding domain of the
GC receptor harbors a classical NLS (NLS1) adjacent to
the hormone binding domain and a second NLS (NLS2)
within the hormone binding domain. NLS2, which can not
be separated from the hormone binding domain, is



dominant over the classical NLS1 and mediates hormone-
dependent nuclear import by an unknown importin o-
independent pathway (Savory et al., 1999). In the absence
of hormone, the Rev—GC fusion protein resides in the
cytoplasm; in the presence of hormone, the fusion protein
is imported into the nucleus. Because the fusion protein
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contains the Rev NES, it is rapidly exported to the
cytoplasm upon removal of hormone (Love et al., 1998).

First, we tested whether the fusion protein was imported
into the nucleus in poliovirus-infected cells at a time when
EGFP-NLS, EGFP-M9 and several cellular proteins had
relocalized into the cytoplasm. As expected (Love et al.,
1998), in uninfected cells the fusion protein localized to
the cytoplasm in the absence of the hormone dexametha-
sone, but relocalized to the nucleolus 30 min after the
addition of hormone (Figure 5A, Mock-infected).
Surprisingly, infection with poliovirus did not inhibit
nuclear import of the fusion protein (Figure S5A,
Poliovirus-infected). This result was not due to poor
viral infection efficiency, because nucleolin had relocal-
ized to the cytoplasm in >90% of the cells examined (data
not shown). This result demonstrates that not all import
pathways are disrupted in poliovirus-infected cells.

Next, we examined the efficiency with which the
Rev—GC receptor fusion protein was exported from the
nucleus in poliovirus-infected cells. Mock- or poliovirus-
infected cells expressing the Rev—GC fusion protein were
incubated in the presence of dexamethasone to allow the
accumulation of Rev—-GC in the nucleus (Figure 5B,
+hormone). Dexamethasone was removed 2.5 h after
infection and the cells were examined 1 and 2 h later
(Figure 5B, -hormone 1 hour and 2 hours). One hour after
removal of hormone, the Rev—GC protein was distributed
equally between the cytoplasm and nucleus, and by 2 h
relocalization was essentially complete in both mock- and
poliovirus-infected cells. The compound leptomycin B,
which inactivates the Rev NES receptor Crm1 (reviewed
in Wolff et al., 1997; Adam, 1999), inhibited the export of
Rev-GC in both mock- and poliovirus-infected cells
(Figure 5C), suggesting that the fusion protein used the
Crm1 pathway in mock- and in poliovirus-infected cells.
These results indicate that poliovirus infection does not
inactivate the Crm1-mediated export pathway.

Components of the NPC are targeted for
degradation during poliovirus infection

Our results indicated that proteins that utilize several
distinct nuclear import pathways were relocalized in
poliovirus-infected cells. Import receptors use the NPC
to transport cargo between the cytoplasm and nucleus.
The NPC is a 125 MDa complex that is framed by ~50
different proteins known as nucleoporins (Nups) (re-
viewed in Stoffler et al., 1999).

Fig. 5. Intracellular localization of Rev—GC fusion proteins in
uninfected and poliovirus-infected cells. (A) HeLa cells were
transiently transfected with plasmid pXRGG; after 40 h, cells were
either mock infected (Mock-infected) or infected with poliovirus
(Poliovirus-infected). Four hours after infection cells were untreated
(~hormone) or treated with dexamethasone (+hormone) at 1 uM for

30 min prior to fixation. Top panels show GFP using a FITC filter and
bottom panels show Hoechst 33258 staining using a UV filter. (B) Forty
hours after transfection with pXRGG, cells were either mock infected
or infected with poliovirus and dexamethasone was added. 2.5 h later
the cells were either fixed (+hormone), or dexamethasone was removed
by washing once with PBS and replacing the medium. Cells were
processed for fluorescent microscopy at 1 h (~hormone 1 hour) or 2 h
(~hormone 2 hours) following removal of dexamethasone. (C) Same as
in (B), except that leptomycin B (5 ng/ml, +LMB) was added
following removal of dexamethasone.
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Fig. 6. Alterations in the NPC composition in poliovirus-infected HeLa
cells. (A) Whole-cell lysates (50 pg) prepared from cells subjected to
various treatments were analyzed by immunoblotting with the indicated
antibodies. Actinomycin D: cells were treated for 4.5 h with 5 pg/ml
actinomycin D. Cycloheximide: cells were treated with 20 pg/ml
cycloheximide for 4.5 h. (B) Indirect immunofluorescence using
monoclonal antibodies 414 and SC-7292 to detect nucleoporins and
lamins, respectively. Cells were either uninfected (Mock-infected) or
infected with poliovirus for 4.5 h (Poliovirus-infected). Top panels
show cells examined with a FITC filter, bottom panels show the same
fields examined with a UV filter to detect Hoechst 33258 staining.
FITC images for a given antibody were acquired with identical
exposure times and adjustments.

We used monoclonal antibody 414 (Davis and Blobel,
1986), which reacts with a number of nucleoporins in the
NPC to examine the status of NPC components in
poliovirus-infected cells. In particular, we inspected the
integrity of Nup153 which has been reported to interact
with importin o/f (Shah et al., 1998), transportin
(Nakielny et al., 1999) and various export receptors
(Ullman et al., 1999). Immunoblot analysis of whole cell
lysates prepared at various times after infection with
poliovirus revealed that Nup153 was degraded during the
course of infection (Figure 6A). The abundance of Nup153
remained unaltered during the first 2.5 h after infection,
began to decline by 3.5 h and was almost undetectable by
4.5 h after infection (Figure 6A). Another nucleoporin,
p62 (reviewed in Stoffler et al., 1999), was degraded with
similar kinetics to Nup153 in infected cells (Figure 6A). In
contrast, the small GTPase Ran (Figure 6A), the nuclear
receptor importin B (not shown) and the cargo nucleolin
(Figure 6A) were not degraded in infected cells.
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Pulse—chase experiments performed with radiolabeled
methionine revealed that the turnover rates of Nup153 and
p62 were >5 h in mock-infected cells, but changed to <2 h
in poliovirus-infected cells (data not shown). Inhibition of
translation by the addition of the elongation inhibitor
cycloheximide did not change the relative abundance
of Nupl53 or p62 (Figure 6A). Inhibition of cellular
transcription by actinomycin D did not change the steady-
state levels of Nup153 or p62 in uninfected cells, and did
not prevent the degradation of both Nup153 and p62 in
infected cells (Figure 6A). Because poliovirus replication
is insensitive to actinomycin D (reviewed in Schlegel and
Kirkegaard, 1995), these results suggest that degradation
of Nupl53 or p62 was due to ongoing viral gene
expression and not due simply to inhibition of cellular
transcription or translation.

To examine the status of the NPC in infected cells by
another experimental approach, we monitored the NPC in
mock-infected and poliovirus-infected cells by indirect
immunofluorescence using monoclonal antibody 414
(Davis and Blobel, 1986). Figure 6B shows that uninfected
cells stained with antibody 414 displayed the nuclear rim
staining characteristic of the NPC (Davis and Blobel,
1986). At higher magnification the fluorescence appears as
a speckled staining of the nuclear envelope (data not
shown), presumably reflecting staining of individual
NPCs. In contrast to what was observed in uninfected
cells, a dramatic reduction in staining of the nuclear
envelope was observed in infected cells (Figure 6B). This
result was not due to a general disruption of proteins
associated with the nuclear envelope, as the staining
pattern of nuclear lamins A and C was unchanged in
poliovirus-infected cells (Figure 6B). These data suggest
that the degradation of at least two, perhaps more,
components of the NPC resulted in a dramatic perturbation
of NPC composition in poliovirus-infected cells. Disrup-
tion of the NPC composition could prevent docking,
translocation or release of cargo and could have effects
that extend to multiple import or export pathways.
Importantly, the degradation of Nupl53/p62 and the
perturbation of NPCs in poliovirus-infected cells occurred
at a time that coincided with the relocalization of nuclear
proteins.

Discussion

In this study we have addressed the mechanism underlying
the relocalization of cellular nuclear factors to the
cytoplasm in poliovirus-infected cells. Our results indicate
that a variety of nuclear—cytoplasmic shuttling and non-
shuttling hnRNPs relocalize to the cytoplasm during the
course of infection and suggest that several trafficking
pathways are altered in infected cells. This effect is most
likely due to changes of the NPC structure. However, not
all trafficking pathways were disrupted, as the Rev—GC
fusion protein was imported to the nucleus in poliovirus-
infected cells at a time when many cellular proteins had
relocalized to the cytoplasm. Similarly, export of the
Rev-GC fusion protein in virus-infected cells indicates
that the CRMI1 nuclear export pathway was operational
under these experimental conditions. One explanation for
the cytoplasmic relocalization of several nuclear proteins
in infected cells could be virus-induced leakiness of the



nuclear envelope. This scenario predicts a uniform distri-
bution of proteins throughout the cell. This was not the
case, as nucleolin, La, Sam68, hnRNP Al, K and C all
exhibited predominantly cytoplasmic staining. Secondly,
nuclear factors such as SC35, TBP and fibrillarin
(Meerovitch et al., 1989; McBride et al., 1996;
Waggoner and Sarnow, 1998) did not relocalize to the
cytoplasm in infected cells. Furthermore, nuclear export of
the Rev—GC fusion protein could be inhibited by lepto-
mycin B, arguing that the Crml pathway, not nuclear
leaking, was facilitating Rev—GC export in infected cells.

The exact mechanism by which poliovirus induces
nuclear—cytoplasmic relocalization of cellular proteins is
likely to be complex. However, it is striking that
relocalization strongly correlated with an inability of
infected semi-permeabilized cells to dock cargo in a cell-
free nuclear import assay and with proteolysis of Nup153,
p62 and possibly other proteins in the NPC. Several
reports have suggested that Nup153 may play an important
role in a number of different transport pathways. For
example, overexpression of Nup153 has been shown to
inhibit mRNA export in BHK cells (Bastos et al., 1996),
and antibodies directed against Nup153 also block the
export of snRNA, mRNA and 5S rRNA in Xenopus
oocytes (Ullman et al., 1999). More recently, it has been
shown that Nup153 contains an M9 shuttling domain and a
RanGDP binding domain that can interact with a variety of
import and export receptors (Shah er al., 1998; Nakielny
et al., 1999). Proteolysis of Nupl153/p62 in poliovirus-
infected cells correlated with the inability of a cargo
containing a classical NLS to dock at the NPC and to
be transported to the nucleus. It is not clear whether
proteolysis of Nupl53, p62 or both resulted in the
generation of non-functional NPCs or reduced the num-
bers of NPCs in infected cells. Either scenario would result
in an overall decrease in docking of NLS-containing cargo
at the NPC. The fact that both nuclear import and export of
Rev—GC cargo were functional in infected cells suggests
that transport of the Rev—GC fusion protein through
the NPC does not require intact Nup153/p62. A more
extensive analysis of the NPC composition/structure using
a large panel of antibodies directed against distinct Nups
should distinguish between these possibilities.

There is ample evidence demonstrating that viruses use
components of the nuclear import/export machinery for
the shuttling of viral macromolecules; however, only a few
examples of viral infections that perturb normal nuclear—-
cytoplasmic trafficking pathways have been reported. For
example, at late times during adenovirus infection, host
mRNAs accumulate in the nucleus while viral mRNAs are
exported efficiently (reviewed in Schneider and Shenk,
1987). Although viral elements that facilitate the export of
adenoviral late mRNAs have been identified, the mech-
anism responsible for inhibiting the export of host mRNAs
is not known. More recently, the vesicular stomatitis virus
(VSV) matrix (M) protein was shown to inhibit a variety of
different import and export pathways in Xenopus laevis
oocytes (Her et al., 1997). In this study, the M protein was
shown to inhibit the export of small nuclear RNAs,
mRNAs and ribosomal RNAs while export of transfer
RNAs was unaffected. The M protein was also shown to
inhibit the nuclear import of snRNAs and some proteins. A
very recent report has shown that the inhibitory effect of
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the M protein involves targeting nucleoporin Nup98 (von
Kobbe et al., 2000). Very recently, Belov et al. (2000)
have reported that nuclear-located EGFP-NLS relocalizes
to the cytoplasm in cells infected with either poliovirus,
coxsackievirus B3 or VSV. These findings together with
the results presented here, raise the possibility that
targeting components of the NPC may be a more common
mechanism by which viruses disrupt normal nuclear/
cytoplasmic trafficking pathways.

The reasons why poliovirus inhibits nuclear import
pathways are unknown, yet there are intriguing possibil-
ities. A block in nuclear import is predicted to result in the
cytoplasmic accumulation of cellular proteins that could
be recruited to help in the translation, amplification and
packaging steps of the viral genome (see Introduction).
Alternatively, poliovirus-induced inhibition of nuclear
import might circumvent antiviral responses of the host
cell. For example, it is known that viral infection can
induce the translocation of latent transcription factors from
the cytoplasm to the nucleus, where they can then activate
interferon genes (reviewed in Stark et al., 1998).
Sequestration of transcription factors in the cytoplasm
would greatly reduce the antiviral response of the infected
cell.

Finally, it is not known as yet whether inhibition of
nuclear import is caused by a specific viral protein or
whether it is a consequence of virus-induced alterations in
the infected host cell. Studies with translation inhibitors
showed that viral proteins were required for the inhibition
of nuclear import (our unpublished data). It is unknown at
this point whether viral proteases are responsible for the
degradation of Nup153/p62, or whether viral proteins play
an indirect role. It is known that poliovirus infection can
induce apoptosis in cells infected under certain conditions
(Tolskaya et al., 1995). Furthermore, previous work has
shown that Nupl153, but not p62, can be cleaved in a
caspase-dependent manner in cells undergoing apoptosis
(Buendia et al., 1999). However, treatment of poliovirus-
infected cells with caspase inhibitors does not prevent the
degradation of Nupl53 or p62 shown here (our unpub-
lished data). In poliovirus-infected cells, the host cell
secretory pathway is subverted to provide membranes on
which RNA replication complexes are assembled and host
secretory traffic is inhibited (reviewed in Schlegel and
Kirkegaard, 1995). Curiously, a recent study in yeast has
provided a link between disruption of the secretory
pathway and a block in nuclear import. Specifically,
Nanduri et al. (1999) have shown that various yeast sec
mutants accumulated import cargo at the NPC. If a similar
scenario occurs in mammalian cells, breakdown of the
host secretory pathway may have consequences on the
nuclear import pathway in virus-infected cells.

Materials and methods

Cell lines and viruses

HeLa cells were maintained as described previously (Waggoner and
Sarnow, 1998). Mahoney type 1 poliovirus stocks were prepared and
infections were initiated as described (Waggoner and Sarnow, 1998).
DNA transfections were performed using the Lipofectin reagent
(Gibco/BRL) following the manufacturer’s recommendations.
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Plasmids

To create pEGFP, nucleotides 941-2621 of pIRES-EGFP (Clonetech)
were amplified by PCR (5" primer: 5-GCGTCGACGTGGATCCACTA-
GTAACG-3’, 3" primer: 5-GCGAATTCGATATCCTTGTACAGCTC-
GTC-3’) and cloned into pCR2.1 using the TA cloning kit (Invitrogen).
The amplified EGFP coding region was isolated as a HindIII-EcoRI
fragment and inserted into the corresponding sites of pCDNA3
(Invitrogen) to yield pEGFP. pEGFP-M9 and M9G,,4,A were created
by isolating the respective coding regions from pGST-M9 or pGST-
M9G,74A (Pollard et al., 1996) as EcoRI-Xhol fragments and inserting
into the corresponding sites of pEGFP. To link the SV40 TAg NLS to
EGFP, the TAg NLS coding region was isolated as an EcoRI-BamHI
fragment from pGST-T NLS (Pollard et al., 1996) and inserted into the
corresponding sites of pPGEM4. This vector was then digested with EcoRI,
overlapping ends were repaired using the large fragment of DNA
polymerase I, and digested with HincIl. The TAg NLS was then ligated
into pEGFP that had been digested with EcoRV. The resulting plasmid,
pEGFP-NLS, contains four tandem repeats of the TAg NLS
(PKKKRKYV). pGEX-NLS-GFP encodes a GST-NLS-GFP fusion
protein (Rosorius et al., 1999). pXRGG encodes a fusion protein
consisting of the full-length HIV-1 Rev protein, linked to the rat
glucocorticoid hormone binding domain and GFP (Love et al., 1998).

Indirect immunofluorescence

Mouse monoclonal antibodies used for indirect immunofluorescence
analysis included: 9H10 to detect hnRNP A1, 12G4 to detect hnRNP K/J,
4F4 to detect hnRNP C, #S-4045 (Sigma) to detect SC35, 414 (Convance)
to detect nucleoporins and #SC-7292 (Santa Cruz Biotechnology) to
detect lamins A and C. Before fixation, cells were washed three times
with phosphate-buffered saline (PBS). Immunostaining for hnRNP Al,
hnRNP K/J, hnRNP C and SC35 was accomplished by fixing cells in 2%
formaldehyde for 30 min at 25°C, washing three times with PBS and
permeabilizing in acetone at —20°C for 3 min. Immunostaining using
antibodies 414 and #SC-7292 was carried out by fixing cells in 3%
formaldehyde for 20 min at 25°C, washing three times with PBS and
permeabilizing in methanol at —20°C for 5 min.

Following fixation/permeabilization, cells were washed three times
with PBS and then blocked in base solution (PBS containing 0.1% fish
skin gelatin and 0.05% Triton X-100) for 40 min at 25°C. Coverslips
were inverted into 100 ul of base solution containing diluted primary
antibody and incubated overnight at 4°C. Coverslips where washed three
times in base solution at 25°C and then inverted into 100 pl of base
solution containing a 1:100 dilution of FITC-conjugated goat anti-mouse
immunoglobulin (Zymed) and incubated for 1 h at 25°C. Coverslips were
washed twice in base solution, once in PBS containing 0.2 pg/ml Hoechst
33258, drained and mounted in Vectashield mounting medium (Vector
Labs) onto glass slides. Cells were viewed using an Olympus BX-60
fluorescent microscope with a 40X objective and photographed using a
35 mm camera (Figures 2, 3A-D and 5A and B). Alternatively, images
were acquired using a Hamamatsu Orca digital camera and Image Pro
Plus software with the 40X (Figures 1, 3E and 5C and D), or 60X
objective (Figure 6).

In vitro import assay
RRLs (Promega) were prepared by centrifugation at 100 000 g for 30 min
at 4°C, followed by extensive dialysis at 4°C against transport buffer TB
(20 mM HEPES pH 7.3, 110 mM KOAc, 5 mM NaOAc, 1 mM MgOAc,
1 mM EGTA, 2 mM dithiothreitol and 1 pug/ml each of chymotrypsin,
leupeptin, antipain and pepstatin). Dialyzed RRL was aliquoted, frozen in
liquid nitrogen and stored at —80°C. The GST-NLS-EGFP fusion protein
used as an import substrate in this assay was purified from bacteria
transformed with pGEX-NLS-EGFP (Rosorius et al., 1999) using
glutathione—Sepharose as described by the manufacturer (Pharmacia).
Purified GST-NLS-EGFP fusion protein was dialyzed against TB as
described above, before storage at —80°C.

HeLa cells were seeded onto 12 mm glass coverslips 2 days before use
in import assays. Mock- or poliovirus-infected cells were prepared at 4 h
post-infection by washing once in PBS and once with ice-cold TB,
followed by permeabilization for 5 min at 0°C in TB containing 40 pg/ml
digitonin. Permeabilized cells were then washed once in TB and inverted
into a 20 pl import reaction consisting of TB supplemented with 50%
RRL, 0.4 uM GST-NLS-EGFP, | mM ATP, 1 mM GTP, 5 mM creatine
phosphate and 20 U/ml creatine kinase. Reactions were incubated at 25°C
for 30 min, washed once in TB and fixed in 3% formaldehyde for 20 min
at 25°C. Following fixation, cells were washed, stained with Hoechst
33258 and mounted onto glass slides as described above. Images were
acquired on an Olympus BX-60 fluorescent microscope equipped with a
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60X objective using a Hamamatsu Orca digital camera and Image Pro
Plus software.

Immunoblotting

HeLa cell lysates were prepared by washing cells once in PBS, followed
by resuspension in lysis buffer (Pante ef al., 1994). Samples were
prepared and analyzed as described previously (Gustin and Imperiale,
1998). Nup153 and p62 were detected using mouse monoclonal antibody
414 (Convance). Mouse monoclonal antibody MS3 was used to detect
nucleolin. Ran was detected using rabbit polyclonal sera (Convance).
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