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Poliovirus disrupts nucleocytoplasmic trafficking and results in the cleavage of two nuclear pore complex
(NPC) proteins, Nup153 and Nup62. The NPC is a 125-MDa complex composed of multiple copies of 30
different proteins. Here we have extended the analysis of the NPC in infected cells by examining the status of
Nup98, an interferon-induced NPC protein with a major role in mRNA export. Our results indicate that Nup98
is targeted for cleavage after infection but that this occurs much more rapidly than it does for Nup153 and
Nup62. In addition, we find that cleavage of these NPC proteins displays differential sensitivity to the viral RNA
synthesis inhibitor guanidine hydrochloride. Inhibition of nuclear import and relocalization of host nuclear
proteins to the cytoplasm were only apparent at later times after infection when all three nucleoporins (Nups)
were cleaved. Surprisingly, analysis of the distribution of mRNA in infected cells revealed that proteolysis of
Nup98 did not result in an inhibition of mRNA export. Cleavage of Nup98 could be reconstituted by the
addition of purified rhinovirus type 2 2AP" to whole-cell lysates prepared from uninfected cells, suggesting that
the 2A protease has a role in this process in vivo. These results indicate that poliovirus differentially targets
subsets of NPC proteins at early and late times postinfection. In addition, targeting of interferon-inducible
NPC proteins, such as Nup98, may be an additional weapon in the arsenal of poliovirus and perhaps other
picornaviruses to overcome host defense mechanisms.

Poliovirus is a positive-strand RNA virus belonging to the
family Picornaviridae. Poliovirus, like other members of this
family, encodes a single large polyprotein that is co- and post-
translationally processed by virus-encoded proteases to pro-
duce the individual viral gene products (reviewed in reference
40). After the production of viral proteins, RNA synthesis
ensues on virus-induced vesicles in the cell cytoplasm. Despite
the fact that viral translation, RNA synthesis, and assembly
occur in the cytoplasm, a number of host nuclear proteins have
been attributed roles in the viral life cycle (3, 6, 27, 32, 33, 51).
Consistent with their having a role in the replication of polio-
virus in the cytoplasm, several host nuclear factors have been
shown to redistribute to the cytoplasm after infection (3, 5, 32,
33, 51).

For nuclear factors to move from the nucleus to the cyto-
plasm they must transit the nuclear pore complex (NPC), a
large protein channel found embedded in the nuclear enve-
lope. The vertebrate NPC has a molecular mass of 125 MDa
and is composed of multiple copies of roughly 30 different
proteins that are collectively called nucleoporins (Nups; re-
viewed in reference 18). A number of findings have suggested
that the redistribution of host nuclear factors to the cytoplasm
in poliovirus-infected cells is due to alterations of the NPC and
a disruption in nucleocytoplasmic trafficking. Previous work
has shown that two NPC proteins, Nup153 and Nup62, are
targeted for degradation in poliovirus-infected cells and that
this correlates temporally with relocalization of host-nuclear
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proteins and an inhibition of the classical nuclear import path-
way (7, 24). Consistent with these findings, Belov et al. (8)
showed that staining of NPCs in thin sections prepared from
infected cells for electron microscopy was considerably re-
duced. That study also demonstrated that poliovirus induces an
increase in the permeability barrier of the NPC that allows
certain proteins to diffuse freely across the nuclear envelope
(8). Despite these alterations to the NPC, certain transport
pathways remain functional in infected cells, suggesting that
the NPC retains some functional and structural integrity (24).
This suggests a model whereby poliovirus targets certain NPC
proteins for cleavage, leading to the inhibition of specific trans-
port pathways and increased diffusion of macromolecules
across the nuclear envelope, thus resulting in cytoplasmic re-
distribution of host nuclear factors. The finding that relocal-
ization of host nuclear factors could be recapitulated in unin-
fected cells expressing the viral 2A protease (2AP™) (8)
suggests that 2A may also be responsible for the degradation of
NPC proteins and the inhibition of nuclear import.

Here we have extended the analysis of the NPC in infected
cells by examining the status of Nup98. In uninfected cells
Nup98 is localized to both the cytoplasmic and the nuclear
sides of the NPC and has been implicated in the process of
mRNA export (23, 39). In addition, Nup98 is upregulated in
response to interferon treatment, suggesting that it may have a
role in the host response to viral infection (16). Our results
demonstrate that Nup98 is targeted for cleavage after infec-
tion, but that this occurs much more rapidly than it does for
Nup153 and Nup62. In addition, we find that cleavage of these
NPC proteins displays differential sensitivity to the RNA syn-
thesis inhibitor guanidine hydrochloride (GuHCI). Inhibition
of nuclear import and relocalization of host nuclear proteins to



1648 PARK ET AL.

the cytoplasm were only apparent at later times after infection
when all three Nups were cleaved. Finally, an in vitro cleavage
assay is used to show that purified 2AP™ can cause cleavage of
Nup98. The potential significance of differential targeting of
NPC proteins by poliovirus is discussed.

MATERIALS AND METHODS

Cell culture and virus. HeLa cells were grown in monolayers in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum and 2 mM
L-glutamine and penicillin-streptomycin at 37°C in 5% CO,. Mahoney type 1
poliovirus stocks were prepared as described previously (51). Subconfluent HeLa
cells were either mock infected or infected with poliovirus at a multiplicity of
infection of 50. Virus was adsorbed for 30 min at 37°C in phosphate-buffered
saline (PBS) supplemented with 10 mg of MgCl, and 10 mg of CaCl,/ml. After
adsorption, residual virus was removed, and Dulbecco modified Eagle medium
with 10% fetal bovine serum and 2 mM L-glutamine and penicillin-streptomycin
was added. Where indicated, cultures were incubated in the presence of 2 mM
guanidine or 100 ng of cycloheximide/ml.

Fluorescence microscopy. HeLa cells were seeded onto 12-mm-diameter cov-
erslips, and 48 h later the cells were either mock infected or infected with
poliovirus at a multiplicity of infection of 50. Coverslips were removed at the
indicated times and fixed and permeabilized by incubation in methanol-acetic
acid (3:1) for 10 min at 25°C. Coverslips were then washed three times in PBS,
incubated in blocking solution (PBS containing 2% bovine serum albumin and
0.05% Triton X-100) for 30 min at 25°C, and incubated overnight at 4°C in MS3
antibody to nucleolin (34). Coverslips where then washed three times in blocking
solution, incubated for 1 h at 25°C in secondary antibody conjugated to Alexa
Fluor 488 (Invitrogen), washed two times in PBS, stained with Hoechst 33258
(0.2 pg/ml in PBS), and mounted on glass slides with Vectashield mounting
medium. Cells were viewed on an Olympus BX-60 fluorescence microscope with
a X40 magnification, and images were acquired by using a 35-mm camera.

Immunoblotting. HeLa cell lysates were prepared by washing cells once in
PBS, followed by a 20-min incubation on ice in Tx buffer (50 mM triethanol-
amine [pH 7.4], 500 mM NacCl, 0.5% Triton X-100, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, and chymostatin, leupeptin, antipain, and pep-
statin [10 pg/ml each]) (35). Lysates were cleared by centrifugation at 16,000 X g
for 5 min, and protein was quantified by using the Bio-Rad protein assay kit.
Equal quantities of protein were separated by sodium dodecyl sulfate-8% poly-
acrylamide gel electrophoresis, followed by transfer to a polyvinylidene difluo-
ride membrane (Millipore Corp.). Nup153 and p62 were detected by using
mouse monoclonal antibody 414 (Covance, Inc.). Nup98 was detected by using
rabbit polyclonal antisera (22, 52). Mouse monoclonal antibody MS3 was used to
detect nucleolin (34). eIF4GI was detected by using rabbit polyclonal antisera
(2). Antibody-antigen complexes were detected by using an horseradish peroxi-
dase-conjugated secondary antibody and chemiluminescence.

In vitro import assay. Rabbit reticulocyte lysate (Promega) and GST-NLS-
EGFP fusion protein (42) were prepared as described previously (24). For
import assays, HeLa cells that had been seeded onto 12-mm glass coverslips 2
days prior were mock infected or infected with poliovirus for the indicated times.
The permeabilization and assay conditions were as described previously (24).
Cells were viewed by using a Nikon E1000M fluorescence microscope with a X60
objective, and images were acquired by using a Hamamatsu Orca digital camera
and Metamorph software.

Fluorescent in situ hybridizations. HeLa cells that had been seeded onto
12-mm glass coverslips 2 days prior were mock infected or infected with polio-
virus for the indicated times. Where indicated, cells were transfected with ex-
pression vectors encoding wild-type and mutant VSV M proteins (M51R) fused
to green fluorescent protein [GFP]) (36) using the TransIT-HeLaMONSTER
transfection reagent (Mirus Bio Corp.). Cells were fixed by incubating at 25°C for
10 min in PBS containing 3% formaldehyde, washed in PBS, permeabilized in
PBS containing 0.5% Triton X-100 at 25°C for 10 min, and washed in PBS.
Subsequently, cells were incubated for 15 min at 37°C in prewarmed hybridiza-
tion solution (2X SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate],
20% formamide, 0.2% bovine serum albumin, 1 pg of yeast tRNA/ul), trans-
ferred to prewarmed hybridization solution containing 0.05 pmol of fluorescein
isothiocyanate (FITC) or Alexa Fluor 555-conjugated oligo(dT) probe (40mer;
Operon Technologies)/pl, and incubated in a humidified chamber at 37°C for
16 h. The next day, cells were washed twice for 5 min at 37°C with prewarmed 2X
SSC-20% formamide, twice for 5 min at 37°C with prewarmed 2X SSC, once for
5 min at 25°C with 1X SSC, and once for 5 min at 25°C with PBS. Cells were fixed
in 3% formaldehyde for 10 min at 25°C, washed three times in PBS, stained with
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FIG. 1. Nup98 is targeted for cleavage in infected cells. Portions
(50 pg) of whole-cell lysates prepared from mock-infected cells or cells
that had been infected with poliovirus for the indicated length of time
were analyzed by immunoblotting with monoclonal antibody 414 to
detect Nup153 or monoclonal antibody MS3 to detect nucleolin or a
polyclonal antisera to Nup98. All antibodies were used at 1:5,000
dilutions, and the exposure times were 10 min, 1 min, and 10 s for the
Nup98, Nupl53, and nucleolin immunoblots, respectively. For the
percent remaining values, band intensities were quantitated by densi-
tometry, and the amount relative to mock-infected cells are indicated.
*, Cross-reactive band that is often detected with this antibody. The
positions of molecular mass markers are indicated in kilodaltons.

Hoechst 33258 (0.2 pg/ml in PBS), and mounted on glass slides with Vectashield
mounting medium. Cells were viewed by using an Olympus BX-60 fluorescence
microscope with a X60 objective lens, and images were acquired by using a
Hamamatsu Orca digital camera and Image Pro Plus or Metamorph software.
In vitro cleavage assay. Uninfected HeLa cell lysates were prepared essentially
as described above except that the Tx buffer lacked protease inhibitors. Lysates
were immediately divided into aliquots and stored at —20°C. Human rhinovirus
type 2 was purified from bacteria as described previously (31). For cleavage
assays, 25 pg of whole-cell lysates was incubated with the indicated amount of
human rhinovirus type 2 2AP™ at 30°C for 4 h in reaction buffer (50 mM
Tris-HCI [pH 8.0], 50 mM NaCl, 5 mM dithiothreitol, 1 mM EDTA) (46). After
this incubation, reactions were analyzed by immunoblotting as described above.

RESULTS

To determine whether poliovirus targets Nup98 for cleavage
during infection, the levels of Nup98 were examined in in-
fected cells by immunoblotting. Figure 1 shows that steady-
state levels of Nup98 are reduced more than 65% within 1 h of
infection compared to mock-infected controls and that by 4 h
postinfection the levels of Nup98 were below the level of de-
tection. In contrast, the levels of Nup153 and Nup62 did not
begin to decline until after 3 h postinfection (Fig. 1 and data
not shown). As shown previously, the decrease in the levels of
NPC proteins was not due to a general degradation of proteins
within the infected cell since the levels of nucleolin remained
unchanged (Fig. 1) (24). Since the relative abundance of
Nup153 and Nup98 in the NPC is the same (13) and we
obtained similar results with multiple Nup98, Nup153, and
Nup62 antibodies (data not shown), it seems unlikely that
these results were due simply to differences in protein abun-
dance or antibody affinities. These results indicate that Nup98
is targeted for cleavage in poliovirus-infected cells and that this
occurs more rapidly than what is seen for Nup153 and Nup62.

A number of host proteins are proteolyzed after infection
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FIG. 2. Nup98 is cleaved very rapidly after infection. (A) Portions
(50 g) of whole-cell lysates prepared from mock-infected cells or cells
that had been infected with poliovirus for the indicated lengths of time
were analyzed by immunoblotting with polyclonal antisera to Nup98 or
eIF4GI or monoclonal antibodies to detect Nup153 or nucleolin. The
positions of the N-terminal eIF4GI cleavage products and molecular
mass markers are indicated in kilodaltons. All antibodies were used at
1:5,000 dilutions, and the exposure times were 5 min for Nup98 and
10 s for Nup153, eIF4GI, and nucleolin. For the percent remaining
values, band intensities were quantitated by densitometry, and the
amounts relative to mock-infected cells are indicated. (B) A 30-min
exposure of the immunoblot shown in panel A, with the putative
Nup98 cleavage products indicated.

with poliovirus (reviewed in reference 45), but most are not
targeted until later times in the infectious cycle. In contrast,
elF4GI is cleaved very quickly after infection (17). Figure 2
compares the cleavage of Nup98 with that of eIF4GI and
Nup153 in poliovirus-infected cells. The results indicate that
levels of Nup98 began a significant decline at between 30 min
and 1 h postinfection (33% of control) and that by 2 h postin-
fection the levels of Nup98 were 12% of the amount detected
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in mock-infected controls. As reported by others (10), cleavage
of eIF4GI appeared to occur slightly more slowly than this,
with levels remaining relatively unchanged through 1 h postin-
fection and then dropping to 63% of the control levels by 2 h
postinfection (Fig. 2). As expected, cleavage of Nupl53 was
just beginning by 3 h postinfection, and the levels of nucleolin
remained constant throughout the course of the infection.
These results indicate that the cleavage of Nup98 occurs very
rapidly after the initiation of infection.

Longer exposures of Nup98 immunoblots revealed the ap-
pearance of reactive protein species with molecular masses
ranging from ~55 to ~65 kDa (Fig. 2B). The appearance of
these reactive bands coincided with the onset of Nup98 cleav-
age, suggesting that they may be proteolytic products. Inter-
estingly, these products were not very abundant and began to
disappear by 3 h postinfection (Fig. 2B), suggesting that they
may be further proteolyzed. At later times after infection these
reactive bands were virtually undetectable (data not shown).

The early cleavage of Nup98 suggested that viral genome
amplification and high levels of viral protein synthesis were not
required for this process to occur. Conversely, the later cleav-
age of Nup153 and Nup62 suggested a potential requirement
for higher levels of viral proteins. To determine whether either
of these possibilities was indeed the case, we examined the
status of Nup98, Nup153, and Nup62 in lysates prepared from
cells infected in the presence of GuHCIL. GuHCI is a potent
inhibitor of viral RNA synthesis with sensitivity mapping to the
viral 2C protein (37). Cells infected in the presence of GuHCI
will not amplify the viral genome, and consequently only input
genomes are translated, and low levels of viral proteins are
produced. In cells infected in the absence of GuHCI, the cleav-
age of Nup98 was essentially complete by 2 h postinfection,
whereas proteolysis of Nup153, Nup62, and elF4GI was not
complete until 5 h postinfection (Fig. 3, lanes 1 to 3). Infection
of cells in the presence of GuHCI had no effect on the cleavage
of Nup98 (Fig. 3, compare lanes 1 and 4). Similarly, the addi-
tion of GuHCI did not prevent degradation of eIF4GI by 5 h
postinfection (Fig. 3, compare lanes 2 and 5) as has been
reported elsewhere (10). In contrast, infection in the presence
of GuHCI completely prevented the cleavage of Nup153 and
Nup62 (Fig. 3, compare lanes 2 and 5). Importantly, infection
in the presence of cycloheximide, an inhibitor of viral and
cellular protein synthesis, completely prevented the proteolysis
of Nup153, Nup62, and Nup98 (Fig. 3, lanes 7 and 8), indicat-
ing that new protein synthesis was required for proteolytic
targeting of all of these NPC proteins. In addition, the finding
that treatment of uninfected cells with cycloheximide did not
effect the levels of Nup153, Nup 62, or Nup98 indicates that
the loss of these proteins in poliovirus-infected cells is an active
process and not simply due to inhibition of protein synthesis
and normal turnover of these proteins. These results indicate
that although only a low level of viral protein synthesis is
required for cleavage of Nup98, the cleavage of Nupl53 and
Nup62 requires RNA synthesis and subsequently higher levels
of viral proteins.

Using an in vitro nuclear import assay, we have shown that
the classical nuclear import pathway is inhibited in cells that
have been infected with poliovirus for 4 h (24). This assay relies
on permeabilized cells to provide a functional NPC and a cell
extract to provide the soluble factors essential for nuclear



1650 PARK ET AL.

polio: + + - + + “ -
hours afterinfection: 2 5 - 2 5 - 5
guanidine: - - ST 7 "
cycloheximide: - - R R e

Nup98 - - -

%Remaining:l. 3 3 100 22 15 100 123 100]

Nup153 . -y TR R . - -

% Remaining:[129 1.1 100 100 111 100 94 100|

Nup62 -

- -

% Remaining:| 118 8.5 100 101 99 100 81 100]

ClF4GI W gy . - - -
1T 3
86 6.1 100 104 100|

% Remaining:| 87 3.2 100

Nucleolin M. S S S ——

% Remaining:[ 140 112 100 75 110 100 94 100]|
Lanes: 1 2 3 4 5 6 7 8

FIG. 3. Effect of guanidine on cleavage of NPC proteins. Portions
(50 wg) of whole-cell lysates prepared from mock-infected cells or cells
that had been infected with poliovirus for 2 or 5 h were analyzed by
immunoblotting with the indicated antibodies. “Guanidine” refers to
cells treated with 2 mM GuHCI. “Cycloheximide” refers to cells
treated with 100 wg of cycloheximide/ml. Mock-infected cells treated
with cycloheximide or guanidine were exposed to the reagent for 5 h.
All antibodies were used at 1:5,000 dilutions, and exposure times were
1 min for Nup98, Nup153, and Nup62 and 10 s for eIF4GI and nucleo-
lin. For the percent remaining values, band intensities were quanti-
tated by densitometry, and the amounts relative to mock-infected cells
are indicated.

import such as transport receptors and the small GTPase Ran.
The apparent proteolysis of Nup98 by 2 h postinfection
prompted us to determine whether the loss of Nup98 or other
early alterations to the NPC might be sufficient to inhibit nu-
clear import. Figure 4 shows the results of an in vitro import
assay using permeabilized mock-infected cells or cells that had
been infected with polio for 2 or 4 h. As expected, upon the
addition of rabbit reticulocyte lysate as a source for soluble
transport factors, mock-infected cells supported robust nuclear
import of an NLS-GFP cargo, while cells that had been in-
fected with poliovirus for 4 h did not (Fig. 4A). A similar
analysis of cells infected for only 2 h revealed strong nuclear
import that was indistinguishable from mock-infected cells
(Fig. 4A). As expected, nuclear import in this assay required
the addition of rabbit reticulocyte lysate (Fig. 4B), energy, and
a functional nuclear localization signal (data not shown).
These results suggested that alterations to the NPC that oc-
curred later during infection, such as cleavage of Nup153 and
Nup62, were necessary to inhibit the classical nuclear import
pathway. However, it was possible that the cleavage of Nup98
could trigger events that by 4 h postinfection might result in an
inhibition of import and that this was independent of the loss
of Nup153 and Nup62. To determine whether this was the
case, we infected cells in the presence of GuHCI. As shown
above, GuHCI allows cleavage of Nup98 to proceed normally
but prevents the loss of Nup153 and Nup62 (Fig. 3). When
mock-infected cells were incubated in the presence of GuHCI,
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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 the indi-
cated amount of time were permeabilized and used in an in vitro
nuclear import assay. Assays were carried out in the presence of rabbit
reticulocyte lysate (RRL) as a source of cytosolic factors. The top
panels show GFP using an FITC filter, and the bottom panels show
Hoechst staining of DNA using a UV filter. (B) Same as in panel A
except rabbit reticulocyte lysate was omitted from the reactions.
(C) Same as in panel A except that after virus adsorption the cells were
incubated in the presence of 2 mM GuHCI. Mock-infected cells were
exposed to GuHCI for 4 h. All GFP images were acquired by using
identical exposure times and digital manipulations.

good levels of nuclear import were observed, showing that
GuHCI did not inhibit this cellular process. As expected, cells
infected with poliovirus for 2 h in the presence of GuHCI
supported levels of nuclear import similar to mock-infected
cells (Fig. 4C). Infection with poliovirus for 4 h in the presence
of GuHCI completely prevented the inhibition of import nor-
mally apparent by this time (compare Fig. 4C and A). These
results provide further evidence that inhibition of import in
poliovirus-infected cells requires the cleavage of Nup153, p62,
and/or other events that occur a later times after infection.
Previously, we found that relocalization of host nuclear pro-
teins to the cytoplasm after infection correlated temporally
with the cleavage of Nup153 and Nup62 and the inhibition of
nuclear import (24). The observation that GuHCI prevented
cleavage of Nup153 and p62, along with inhibition of nuclear
import, prompted us to test the effect of GuHCI on the relo-
calization of host nuclear proteins. Nucleolin is an RNA-bind-
ing protein that localizes to the nucleolus in uninfected cells
and has been implicated in a number of cellular functions,
most prominently rRNA biogenesis (21). In poliovirus-infected
cells nucleolin interacts with the viral 3’ noncoding region and
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FIG. 5. Cytoplasmic redistribution of host nuclear proteins. Unin-
fected cells (mock) or HeLa cells infected with poliovirus for 4.5 h
were fixed and stained with an antibody directed against nucleolin. The
left-hand panels show phase-contrast images of the cells (phase), while
the right-hand panels show nucleolin staining of the same field
(nucleolin). +GuHCI, cells treated with 2 mM GuHCIL Cx, cells
treated with 100 pg of cycloheximide/ml. GuHCI and cycloheximide
were added 1 h after virus adsorption.

relocalizes to the cytoplasm (51). Indirect immunofluorescence
analysis of nucleolin in uninfected cells revealed an intranu-
clear distribution, with localization predominantly to the nu-
cleolus (Fig. 5). As reported previously, by 4.5 h postinfection
nucleolin had relocalized from the nucleus to the cytoplasm
(Fig. 5) (51). Infection in the presence of GuHCI completely
prevented the cytoplasmic accumulation of nucleolin. Simi-
larly, the inhibition of protein synthesis by the addition of
cycloheximide 1 h after virus adsorption also prevented the
relocalization of nucleolin to the cytoplasm (Fig. 5). Nucleolin
binds to the poliovirus RNA 3’ untranslated region (UTR),
and this could contribute to relocalization by trapping nucleo-
lin in the cytoplasm (51). However, cells infected with a polio-
virus mutant bearing a nearly complete deletion of the 3" UTR
(48) still accumulate nucleolin in the cytoplasm (K. E. Gustin,
unpublished data), indicating that interaction with the 3" UTR
is not required for nucleolin relocalization. These results indi-
cate that high levels of viral proteins are needed to cause
relocalization of nucleolin in infected cells and suggest that the
alterations to the NPC that occur at later times after infection
are necessary for redistribution of host nuclear proteins to the
cytoplasm.

The successful export of cellular mRNAs from the nucleus
to the cytoplasm requires interactions with transport factors
and subsequent targeting to the NPC (reviewed in reference
15). One NPC protein that has been implicated in the process
of mRNA export is Nup98 (22). In addition, the vesicular
stomatitis virus (VSV) matrix (M) protein inhibits mRNA ex-
port, and this is dependent upon complex formation between
the M protein, the cellular transport receptor RAEIL, and
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FIG. 6. Intracellular distribution of mRNA in poliovirus-infected
cells. (A) Uninfected cells (mock) or cells that had been infected with
poliovirus for 3 h were analyzed by fluorescence in situ hybridization
using a FITC-conjugated oligo(dT) probe. The left-hand panels show
oligo(dT) staining of mRNA using an FITC filter. The right-hand
panels show Hoechst staining of DNA using a UV filter. +GuHCI,
infections carried out in the presence of GuHCI. (B) HelLa cells were
transfected with expression vectors encoding GFP fused to wild-type
VSV M protein (top panels) or the M51R mutant (bottom panels),
followed by in situ hybridization using an oligo(dT) probe conjugated
to Alexa Fluor 555. The GFP distribution is shown using an FITC
filter, mRNA distribution is shown using a TRITC (tetramethyl rho-
damine isothiocyanate) filter, and DNA is shown using a UV filter.

Nup98 (19, 28, 50). Thus, it was possible that targeting of
Nup98 by poliovirus might also result in an mRNA export
block. To determine whether this was the case, we examined
the distribution of mRNA in infected cells by fluorescence in
situ hybridization. Analysis of uninfected HeLa cells using a
fluorescently labeled oligo(dT) probe revealed that mRNA
localized to brightly staining foci in the nucleus that were
excluded from nucleoli, along with a more diffuse staining
throughout the cytoplasm (Fig. 6A). Treatment of cells with
RNase prior to hybridization with the oligo(dT) probe or the
use of an oligo(dA) probe resulted in only background stain-
ing, while treatment with DNase had no effect on staining (data
not shown). After infection with poliovirus, the number and
intensity of the nuclear foci were reduced, and brightly staining
foci appeared in the cytoplasm (Fig. 6). This is in contrast to
what was seen when the distribution of mRNA in cells express-
ing the VSV M protein was examined (Fig. 6B). In agreement
with earlier reports, cells expressing wild-type M protein ex-
hibited a notable increase in nuclear fluorescence compared to
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FIG. 7. In vitro cleavage reactions using purified rhinovirus type 2 2AP™. (A) Uninfected HeLa whole-cell lysates were incubated in the
presence or absence of the indicated amount of purified 2A protease for 4 h. Cleavage buffer refers to lysates incubated in 2AP™ reaction buffer.
After incubation, lysates were analyzed by immunoblotting with the indicated antibodies. Nup98, eIF4GI, and nucleolin antibodies were used at
1:2,500, 1:3,000, and 1:5,000, respectively. Exposure times were 2 min for Nup98, 10 min for eIF4GI, and 30 s for nucleolin. For the percent
remaining values, band intensities were quantitated by densitometry, and the amounts relative to mock-infected cells are indicated. (B) Uninfected
cell lysates were incubated with or without 0.1 pg of purified 2A protease for the indicated times and analyzed by immunoblotting as described
above. The exposure times were 10 min for Nup98 and eIF4GI and 1 min for nucleolin. *, Putative Nup98 cleavage products. The positions of

molecular mass markers are indicated in kilodaltons.

untransfected cells or cells expressing a mutant form of M that
is deficient in its ability to inhibit mRNA export (36, 50). The
observation that total nuclear fluorescence did not increase in
poliovirus-infected cells suggested that mRNA export was not
inhibited. However, the reduced nuclear staining in infected
cells, most likely due to the inhibition of transcription that
occurs during poliovirus infection (4), as well as the possible
detection of poliovirus plus-strand RNA in the cytoplasm (9),
makes other interpretations of these results possible. To avoid
these complications and to examine cells where only Nup98 is
cleaved and no inhibition of nuclear import is seen, a similar
analysis was done on cells infected in the presence of GuHCIL
Under these conditions, infected cells did not show reduced
nuclear staining or the appearance of cytoplasmic foci and
exhibited a staining pattern that was very similar to that seen in
uninfected cells (Fig. 6A). These results indicate that in polio-
virus-infected cells mRNA does not accumulate in the nucleus
and suggest that cleavage of Nup98 does not result in a block
in mRNA export.

Previous work has shown that the viral 2A protease (2AP*) can
cause redistribution of host proteins to the cytoplasm, although
the effect of 2AP™ on NPC proteins has not been examined (8).
To determine whether 2AP™ was responsible for cleavage of
Nup98, we performed an in vitro cleavage assay using uninfected
whole-cell lysates and purified bacterially expressed 2AP™. We
were unable to obtain active, purified poliovirus 2A and therefore
used the well-characterized picornavirus 2A protease from hu-
man rhinovirus 2 for our experiments. We have observed that

Nup98 is cleaved in cells infected with rhinovirus type 2 (data not
shown). Figure 7 shows that a 4-h incubation of cell lysates in
reaction buffer lacking 2AP™ had no effect on the levels of Nup98,
eIF4GI, or nucleolin. However, when as little as 80 ng of purified
2AP™ was added to the reactions, the amount of full-length
Nup98 was reduced by >90%. As expected, eIF4GI was proteo-
lyzed efficiently in these reactions, giving rise to the anticipated
series of N-terminal cleavage products (53). In contrast, even at
the highest concentration of 2AP™, the levels of nucleolin were
unaffected, indicating that the cleavage of Nup98 was specific.
Incubation with purified RV14 2AP™ also resulted in cleavage of
Nup98, although the kinetics of cleavage were somewhat slower
(data not shown). Interestingly, several potential cleavage prod-
ucts were observed in reactions probed with anti-Nup98 antisera.
One of these reactive bands migrated at about 55 kDa and ap-
peared to diminish with increasing concentration or longer incu-
bation with 2AP™ (Fig. 7 and data not shown). The size and
gradual diminishment of this band intensity raises the possibility
that it may correspond to the band seen in lysates prepared from
poliovirus-infected cells (Fig. 2). In addition, bands of approxi-
mately 35 and 30 kDa were observed in this analysis that ap-
peared to increase in abundance with increasing concentration of
protease and thus may arise due to subsequent proteolysis of the
55-kDa band. Of course, it is possible that these reactive bands
are not derived from Nup98 but instead represent novel reactiv-
ities with unrelated cellular proteins that appear after incubation
with 2AP™. These results indicate that 2AP™ is responsible for the
cleavage of Nup98, although subsequent experiments will be
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needed to determine whether 2AP™ directly cleaves this NPC
protein or whether cellular proteases are involved.

To examine the relative efficiencies with which 2Apro in-
duces cleavage of Nup98 and eIF4G, we incubated cell lysates
with 100 ng of protease for increasing amounts of time. Figure
4 shows that levels of Nup98 remained unchanged for the first
10 min, declined to 21% of control levels within 60 min, and
were essentially undetectable by 120 min. In contrast, levels of
eIF4GI declined more rapidly, being reduced to 28% of con-
trols within the first 10 min of incubation. As expected, the
levels of nucleolin remained relatively unchanged throughout
the time course. It is not clear why Nup98 appears to be
cleaved more rapidly in vivo (Fig. 2), while eIF4GI is cleaved
more rapidly in vitro. Although this could reflect differences
between poliovirus and rhinovirus 2AP™, it may also be due to
differences in the accessibility or folding of these two substrates
in lysis buffer compared to what 2AP* would encounter in vivo.

DISCUSSION

The NPC is composed of at least 30 different proteins and is
required for all transport between the nucleus and the cyto-
plasm. Previously, we had shown that two NPC proteins,
Nup153 and Nup62, were degraded during poliovirus and rhi-
novirus infection and that this correlated with inhibition of
nuclear import and relocalization of host-nuclear proteins to
the cytoplasm (24, 25). The data presented here demonstrate
that at least one other NPC protein, Nup98, is targeted for
cleavage after infection with poliovirus and suggest that this is
mediated by the viral 2A protease. In contrast to what was seen
for Nup153 and Nup62, however, cleavage of Nup98 occurred
very quickly after infection and was insensitive to the addition
of guanidine, indicating that only very low levels of viral pro-
teins were required. The differential proteolysis of Nup98 com-
pared to Nup153 and Nup62 after infection raises the possi-
bility that poliovirus may selectively target different subsets of
NPC proteins for different reasons. Although we do not know
the status of the other 27 NPC proteins, our finding that cer-
tain transport pathways are functional in infected cells indi-
cates that the NPCs are functional and suggests that not all
NPC proteins are degraded.

After infection, several potential cleavage products were
observed that migrated in the 55- to 65-kDa range. The pres-
ence of multiple bands could be due to cleavage at multiple
sites within Nup98, cleavage of different Nup98 isoforms or a
combination of both of these possibilities. Significantly, cleav-
age of Nup98 could be induced by the addition of purified
rhinovirus type 2 2AP™ to whole-cell lysates, indicating that
2AP™ has a role in this process. By using the nomenclature of
Schechter and Berger to describe proteolytic cleavage sites
(Pn. . .P2-P1-P1’-P2’.. .Pn’), where the scissile bond is located
between P1 and P1’, 2AP™ has a strong preference for glycine
at P1’, with threonine found at P2 and a hydrophobic amino
acid such as isoleucine or leucine at P4 (26, 43, 47). Analysis of
the Nup98 amino acid sequence reveals two sequences that
conform to this consensus (*’°LTTFG*"* and >**LQTTG>?).
Cleavage at G*”* would give rise to N- and C-terminal products
with estimated molecular masses of 37 and 53 kDa, respec-
tively. Alternatively, cleavage at G>>* would result in N- and
C-terminal products with predicted molecular masses of 55
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and 35 kDa, respectively. Since Nup98 is glycosylated, cleavage
at either of these sites could give rise to fragments that corre-
spond to the bands seen in infected cells or whole-cell lysates
after the addition of purified 2AP*. Further work will be
needed to determine whether one or both of these sites in
Nup98 is actually recognized by 2AP™ in infected cells.

The rapid targeting of Nup98 and its insensitivity to guani-
dine compared to the degradation of Nupl53 and Nup62
prompted us to determine whether early or late alterations to
the NPC were responsible for inhibition of nuclear import and
relocalization of host nuclear factors to the cytoplasm. Our
results revealed that relocalization of host nuclear factors to
the cytoplasm and inhibition of nuclear import occurred only
in cells where all three NPC proteins were cleaved. This indi-
cates that early events, including cleavage of Nup98, are not
sufficient to cause these effects and suggests that later events,
such as the degradation of Nup153 and Nup62, are required.
At present, it is not clear whether the cleavage of Nup98 is
unrelated to, or is a prerequisite for, the degradation of
Nup153/Nup62 and or the inhibition of nuclear import. Our
preliminary work indicates that 2AP™ also plays a major role in
the later stage cleavage of Nup153 and Nup62 (N. Park and
K. E. Gustin, unpublished data). Thus, it appears that 2AP™
may be responsible for many, if not all of the alterations to the
NPC that occur in infected cells. Efforts are currently under
way to determine whether 2AP™ is both necessary and suffi-
cient to induce the cleavage of Nup98 or whether other viral or
cellular proteases have a role in this process.

Our finding that relocalization of host nuclear factors to the
cytoplasm is sensitive to the addition of guanidine is in appar-
ent contrast to previous reports. Belov et al. (7, 8) found that
the cytoplasmic accumulation of host nuclear factors occurred
very rapidly after infection and was not prevented by guani-
dine. The reason for this discrepancy is unknown but may be
due differences between the HeLa cells used in the different
studies. Belov and coworkers used a subclone of HeLa cells
called HeLa B cells that were found to develop apoptotic
markers faster than other HeLa subclones examined (49).
Since apoptosis is known to alter the NPC and increase nuclear
envelope permeability (11, 20) and since poliovirus has been
shown to induce apoptotic markers (1), it is possible that HeLa
B cells manifest the poliovirus-induced alterations in nucleo-
cytoplasmic trafficking faster than other cells. Of course, which
of these cell lines more closely reflects the in vivo conse-
quences of poliovirus infection is not known.

Cardioviruses also disrupt nucleocytoplasmic trafficking and
cause the cytoplasmic accumulation of host nuclear factors in
the cytoplasm but appear to do this via a different mechanism
than that used by enteroviruses and rhinoviruses (14, 30). In
contrast to what is seen with poliovirus, rhinovirus, and cox-
sackievirus, cardiovirus infection does not result in the degra-
dation of Nup153 and Nup62 (30). In addition, deletion of the
cardiovirus 2A coding region does not prevent cytoplasmic
accumulation of nuclear proteins (30). In contrast, mutations
in the leader (L) protein of encephalomyocarditis virus, men-
govirus, or Theiler’s murine encephalomyocarditis virus com-
pletely prevents the redistribution of cellular proteins to the
cytoplasm (14, 30). How encephalomyocarditis virus mediates
these effects was discovered recently with the finding that the L
protein interacts with and inhibits the activity of the small
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GTPase Ran, a critical factor for many nuclear import and
export pathways (38). It will be interesting to learn whether
cardioviruses also disrupt Nup98 function and whether this is
related to the inhibition of Ran activity reported for the L
protein.

Although the reason why poliovirus targets Nup98 for cleav-
age is not known, it is interesting that Nup98 is also targeted by
the matrix (M) protein of VSV. The VSV matrix (M) protein
forms a complex with Nup98 and RAE1, an mRNA transport
factor resulting in an inhibition of mRNA export (19, 28, 50).
As mentioned above, Nup98 is also an interferon-responsive
gene and may thus have a role in defending the cell against
viral infection (16). In agreement with this, induction of Nup98
by interferon treatment prevents the block in mRNA export
caused by the VSV M protein (16). Our finding that poliovirus
infection does not result in an inhibition of mRNA export,
however, indicates that the consequences of 2AP™°-mediated
cleavage of Nup98 and VSV M interaction with Nup98 and are
qualitatively different. One intriguing possibility for the rapid
cleavage of Nup98 is suggested by recent reports that have
implicated the NPC in transcriptional regulation (12, 29, 41,
44). Thus, by removing Nup98, poliovirus may attenuate the
host transcriptional response necessary to mount an effective
antiviral response. The finding that both a positive- and nega-
tive-strand RNA viruses have evolved mechanisms to interfere
with Nup98 function raises the possibility that this may be a
more common feature of viral pathogenesis than is currently
appreciated.
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