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Poliovirus and some other picornaviruses trigger relocation of certain nuclear proteins into the cytoplasm.
Here, by using a protein changing its fluorescence color with time and containing a nuclear localization signal
(NLS), we demonstrate that the poliovirus-triggered relocation is largely due to the exit of presynthesized
nuclear protein into the cytoplasm. The leakiness of the nuclear envelope was also documented by the inability
of nuclei from digitonin-permeabilized, virus-infected (but not mock-infected) cells to retain an NLS-contain-
ing derivative of green fluorescent protein (GFP). The cytoplasm-to-nucleus traffic was also facilitated during
infection, as evidenced by experiments with GAPDH (glyceraldehyde-3-phosphate dehydrogenase), cyclin B1,
and an NLS-lacking derivative of GFP, which are predominantly cytoplasmic in uninfected cells. Electron
microscopy demonstrated that a bar-like barrier structure in the channel of the nuclear pores, seen in unin-
fected cells, was missing in the infected cells, giving the impression of fully open pores. Transient expression
of poliovirus 2A protease also resulted in relocation of the nuclear proteins. Lysates from poliovirus-infected
or 2A-expressing cells induced efflux of 3X EGFP-NLS from the nuclei of permeabilized uninfected cells. This
activity was inhibited by the elastase inhibitors elastatinal and N-(methoxysuccinyl)-L-alanyl-L-alanyl-L-prolyl-
L-valine chloromethylketone (drugs known also to be inhibitors of poliovirus protease 2A), a caspase inhibitor
zZzVAD(OMe), fmk, and some other protease inhibitors. These data suggest that 2A elicited nuclear efflux,
possibly in cooperation with a zZVAD(OMe).fmk-sensitive protease. However, poliovirus infection facilitated
nuclear protein efflux also in cells deficient in caspase-3 and caspase-9, suggesting that the efflux may occur
without the involvement of these enzymes. The biological relevance of nucleocytoplasmic traffic alterations in

infected cells is discussed.

Picornaviruses (61) are cytoplasmic viruses. All essential
steps of their reproduction, such as translation and replication
of the viral RNA and maturation of virions, are confined to the
cytoplasm. Not surprisingly, picornaviruses, such as poliovirus,
echovirus, and encephalomyocarditis virus, are known to pro-
duce infectious progeny in nucleus-free cytoplasts (24, 54) or
cytoplasmic extracts (5, 48, 66). This does not mean, however,
that the nucleus or its components have no role in picornavirus
reproduction. Indeed, the nucleus-free cytoplasts generated
much less virus than did intact cells, and the former, in contrast
to the latter, failed to support viral reproduction after infection
with double-stranded replicative form RNA of poliovirus (14).
Also, some cellular proteins known to have predominantly
nuclear localization appear to relocate into the cytoplasm and
to stimulate viral RNA translation (46, 37) or replication (45,
71). On the other hand, the entry of virus-specific (and possibly
of some cellular) cytoplasmic proteins into the nucleus of pi-
cornavirus-infected cell exerts important effects on the course
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of viral reproduction and the cell fate. Thus, viral proteases 2A
and 3C were reported to target several transcription factors
(56, 73, 78-80) and histones (21). Accumulation of virus-spe-
cific proteins in the nuclei of poliovirus-infected (8, 22) and
encephalomyocarditis virus-infected (3, 4) cells was directly
observed. Nuclear alterations developing upon different forms
of picornavirus-induced apoptosis (7, 28, 35, 40, 50, 69) also
require entry of certain proapoptotic host proteins (e.g., effec-
tor caspases and DNases) into the nuclei (cf., references 20 and
55).

Nucleocytoplasmic protein exchange is a sophisticated,
tightly regulated process ensuring accurate control of gene
expression and other cellular functions (43, 44, 74). The nu-
cleus is surrounded by an envelope (10, 58) consisting of the
outer and inner protein-containing lipid membranes and an
underlying meshwork-like proteinaceous lamina. The major
gates for the nucleocytoplasmic exchange are represented by
nuclear pores, a complex structure of ~125 MDa composed of
dozens of proteins termed nucleoporins or Nups (18, 57). The
nuclear pore complex (NPC) exhibits a highly conserved ar-
chitecture with an eightfold rotational symmetry that includes
a central aqueous cylindrical channel surrounded with numer-
ous specialized appendages. Relatively small molecules may go
out of and into the nucleus by simple diffusion (e.g., proteins
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<30 kDa diffuse through the NPC relatively rapidly) but the
nucleocytoplasmic traffic of macromolecules is generally en-
ergy dependent, specific, and largely accomplished by dedi-
cated carriers, importins and exportins, recognizing appropri-
ate motifs on the cargoes named nuclear localization signals
(NLS) and nuclear export signals (NES), respectively (25, 26,
39, 65). A GTPase called Ran is a major controller of the cargo
loading and/or unloading, as well as of directionality of the
traffic (64). The inner nuclear membrane and the lamina are
also intimately associated, through bridges involving integral
proteins, with protein and DNA moieties of the peripheral
chromatin (10). This association, as well as the interaction of
certain chromosome-bound proteins with components of the
nucleocytoplasmic transport machinery, is involved in the tran-
scriptional control through affecting heterochromatinization
and silencing (23, 36).

Recently, we have revealed a marked modification of the
nucleocytoplasmic traffic early upon infection with two picor-
naviruses, poliovirus and coxsackievirus B3, as well as a nega-
tive-strand RNA genome virus, vesicular stomatitis virus (6).
Derivatives of green fluorescent protein (GFP), including its
trimeric form, fused to NLS from simian virus 40 (SV40) T
antigen were, as expected, confined to nuclei in uninfected
cells but could be readily detected in the cytoplasm at early
steps of infection (6). Independently, redistribution of a variety
of nuclear proteins into the cytoplasm after infection with
poliovirus and rhinovirus was observed also by Gustin and
Sarnow (33, 34). In principle, such nucleus-to-cytoplasm relo-
cation of proteins may be accomplished through different
mechanisms. The simplest one may involve the loss of an NLS.
Indeed, the exit of autoantigen La from nuclei of poliovirus-
infected cells (46) may, at least in part, be promoted by its
truncation by the viral 3C protease, resulting in the loss of NLS
(62). In many cases, however, relocating proteins do retain
their NLS (6, 33, 34). Two not mutually exclusive hypothesis
have been put forward to explain such cases: the alleviation of
the barrier functions of nuclear envelope (6) and the impair-
ment of active nuclear import resulting in the cytoplasmic
accumulation of newly synthesized proteins (32-34).

The present study aims at further characterization of alter-
ations of nucleocytoplasmic traffic upon poliovirus infection.
Our data demonstrate not only that some nuclear proteins
go relatively freely out into the cytoplasm but that the move-
ment in the opposite direction is also nonspecifically facili-
tated. Functional leakiness of the nuclear envelope in the in-
fected cells is accompanied by, and is likely due to, structural
alterations of NPC, which can be documented by electron
microscopy. These effects appear to be at least in part due to
the 2A protease of poliovirus since the expression of the pro-
toteolytically active form of the enzyme results in a similar
protein relocation. The implications of alterations of the nu-
cleocytoplasmic transport machinery for both viral reproduc-
tion and development of cytopathic effect are also discussed.

MATERIALS AND METHODS

Viruses and cells. HeLa-B cells (69) were cultivated on Dulbecco modified
Eagle medium with 10% bovine serum, whereas MCF-C9DN (7), Hep-2, and 293
cells were grown on Dulbecco modified Eagle medium with 10% fetal bovine
serum. The cells grown on petri dishes were washed with serum-free medium. If
appropriate, cells were preincubated with inhibitors for 10 min at 37°C and
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infected with 50 to 100 PFU/cell (if not indicated otherwise) of Mahoney strain
of poliovirus type 1 (a relatively high input multiplicity of infection [MOI] was
used because in some experiments poliovirus reproduction was suppressed by
inhibitors in order to understand whether replication of the viral RNA was
required for the alteration of nucleocytoplasmic traffic, or translation of the input
RNA was sufficient to trigger the effect). After a 30-min adsorption with agitation
at 18°C, the cells were washed again and incubated with 5% CO, in the appro-
priate serum-free medium at 37°C for indicated time intervals with inhibitors
where indicated.

Plasmids. Plasmids coding for enhanced GFP (EGFP) fused to the NLS of
SV40 (pEGFP-NLS) or three in-frame copies of GFP fused to the same NLSs
were described previously (6). Plasmid pTimer-NLS was constructed by inserting
the NLS-containing Xhol-BamHI fragment of pEGFP-NLS into the plasmid
encoding Timer-NA (81), the nonaggregating form of the Timer fluorescent
protein (68). Plasmid pEGFP-GFP5 encoding five in-frame copies of EGFP (20)
was kindly donated by Y. Lazebnik. Cyclin B-EGFP encoding vector was a gift of
D. Bulavin (National Cancer Institute). Vectors encoding the poliovirus 2A
wild-type and H20N mutant protease under the control of cytomegalovirus
(CMV) promoter were constructed by insertion of PCR fragments correspond-
ing to the 2A sequences from plasmids pEP2A or pEP2A(H20N) (82), kindly
donated by R. Lloyd (Baylor College of Medicine), into the EcoRI-BamHI site
of pUHC. There was an AUG in an optimal Kozak context upstream of the
2A-coding sequence, and two in-frame stop codons downstream of it. pUHC was
derived from pUHD10-3 by replacing the Xhol-EcoRI fragment containing a
modified tetracycline-dependent form of CMV promoter with XhoI-EcoRI frag-
ment containing the fully active CMV promoter from pUHDI15-1. Both
pUHDI10-3 and pUHDI15-1 were kindly donated by H. Bujard (Heidelberg
University Molecular Biology Center). The 2A-coding region of pUHC-2A and
pUHC-2A(H20N) was checked by sequencing. Plasmid pMIV-3XGFP-NLS
used for retrovirus-mediated cell transformation was made by inserting Nhel-
BamHI fragment of pEGFP-NLS-2XGFP with the Klenow-filled Nhel end (6)
into pMarxIV vector harboring the neomycin resistance gene (20).

Transient transfection. For transfection, Lipofectamine 2000 (Invitrogen) was
used essentially according to the manufacturer’s recommendations. HeLa and
MCF-7-derived cells were transfected with appropriate plasmids, infected with
poliovirus, or directly observed after the indicated time intervals.

Stable cell transformation. Retrovirus-mediated cell transformation was per-
formed essentially as described previously (20) by using pMIV-3XGFP-NLS
vector encoding three copies of GFP fused in frame with SV40 NLS, which
proved to be stable in healthy and poliovirus-infected HeLa cells. After 2 weeks
of selection at 500 wg of G418 (Sigma)/ml, the cells were plated onto 96-well
plates at a concentration of approximately one cell per two wells. The resulting
clones were screened for fluorescence, and the best of them was designated
HeLa-3E and chosen for future experiments.

Preparation of cell extracts. HeLa-B cells grown on 10 roller bottles (~10%
cells/per bottle) until near confluence were infected with poliovirus at an input
MOI of ~100 PFU/cell and incubated for 3 h at 37°C. After treatment with
EDTA and pelleting at 300 X g for 15 min at 4°C, the cells were resuspended in
50 ml (about 10 pellet volumes) of the extract preparation buffer (50 mM PIPES,
50 mM KCl, 5 mM EGTA, 2 mM MgCl,, 1 mM dithiothreitol, 10 pg of cytocha-
lasin B/ml; pH 7) and centrifuged at 300 X g for 5 min at 4 °C. The supernatant
was discarded, and the cells were lysed by three cycles of freezing and thawing.
The lysate was centrifuged for 1 h at 100,000 X g. The resulting supernatant
(S100; protein concentration of 15 to 29 mg/ml) was dialyzed against 100 volumes
of the permeabilization buffer (50 mM PIPES, 50 mM KCl, 5 mM EGTA, 2 mM
MgCl,, 1 mM dithiothreitol; pH 7) for 6 h and frozen as small aliquots. Prior to
the use, S100 extracts were diluted, usually 10-fold, with the buffer described
above.

For the preparation of extracts (S15) from the plasmid-transfected cells, the
cells (~10°) grown on a 60-mm petri dish were detached and pelleted at 300 X
g as described above, washed with 500 pl of the extract preparation buffer, and
resuspended in 200 pl of the same buffer. After lysis by freezing and thawing, the
final centrifugation was performed at 15,000 X g (simply for technical reasons
[due to a small volume of the sample]). The lysates were dialyzed as described
above. For the experiments, the S15 lysates were diluted, usually twofold, with
the permeabilization buffer.

Cell permeabilization. Cell permeabilization of HeLa-3E cells was achieved by
treatment with digitonin (1). To get a monolayer of permeabilized cells, the cells
grown on coverslips were twice washed with cold phosphate-buffered saline and
once with the permeabilization buffer. The cells were then treated with 40 pg of
digitonin/ml supplemented with Hoechst 33258 in the permeabilization buffer for
5 min on ice, followed by washing with the buffer. This kind of Hoechst dye does
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not penetrate the plasma membrane and therefore stains permeabilized cells
only.

Nucleus isolation. Nucleus isolation was performed as described previously
(17). Briefly, cells were detached with EDTA, washed with phosphate-buffered
saline, and resuspended in ice-cold STM buffer (50 mM Tris-HCI [pH 7.4], 0.25
M sucrose, 5 mM MgSO,, 2 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride [PMSF]). A solution of 1% Nonidet P-40 in STM buffer was added to a
final concentration of 0.025%, the cells were homogenized by 30 strokes in a tight
glass-glass Dounce homogenizer (Wheaton) and examined immediately.

Nuclear envelope permeability assay. Monolayers of permeabilized HeLa-3E
cells were overlaid with appropriately diluted (see figure legends) lysates from
virus-infected or plasmid-transfected cells. Samples were incubated for 1 h at
37°C and examined under an epifluorescence microscope. The effects of the fol-
lowing protease inhibitors were tested on the ability of cellular extracts to trigger
protein redistribution: elastatinal, chymostatin, leupeptin, pepstatin A, antipain,
PMSF, and N-(methoxysuccinyl)-L-alanyl-L-alanyl-L-prolyl-L-valine chlorometh-
ylketone (MPCMK) (all from Sigma) and benzyloxycarbonyl-Val-Ala-Asp-
(OMe) fluoromethylketone (zVAD.fmk; Enzyme Systems Products; Dublin,
Calif.). The extracts were preincubated with the inhibitors for 20 min at 4°C.

Immunofluorescence. Cell fixation and staining was performed as described
previously (7). Mouse monoclonal antibodies 6C5 (29) to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were kindly provided by V. Muronetz
(Moscow State University). Secondary Cy3 anti-mouse antibodies were from
Milan Analytica AG.

Fluorescence microscopy. Cells were examined with a Leica DMLS fluores-
cence microscope equipped with green I3 (for the Timer protein and GFP
derivatives), red N2.1 (also for the Timer protein), and blue A (for Hoechst-
stained nuclei) filter cubes. The pictures were obtained with a Leica Digital
Camera 100 (Leica DC100).

Electron microscopy. Electron microscopy was performed as described previ-
ously (2). The cells were detached at 5 h postinfection (p.i.) and fixed with 2.5%
glutaraldehyde and then with 1% OsO, and embedded in EPON-812. Sections
were stained with uranyl acetate and lead citrate before being photographed in
a Philips CM100 electron microscope.

RESULTS

Discrimination between newly synthesized and “old” nu-
clear proteins in the cytoplasm of infected cells by using a
fluorescent Timer protein. As mentioned in the introduction,
the cytoplasmic accumulation of a nuclear protein may theo-
retically be explained by enhanced efflux of this protein from
the nucleus and/or failure of the newly synthesized protein to
be imported into the nucleus. To ascertain whether the former
possibility is actually realized, we made use of a so-called
fluorescent Timer protein (68). The color of fluorescence of
nonaggregating Timer-NA (81), constructed on the basis of the
original Timer (68), changes with time from green to yellow
when inspected with a green filter, whereas the fluorescence of
only the “old” Timer could be detected by using the red filter.
Therefore, the color of fluorescence allows one to distinguish
between “old” and recently synthesized “young” molecules.
HeLa cells were transiently transfected with a plasmid express-
ing Timer-NA fused to the NLS of SV40 T antigen. As early as
6 h posttransfection, nuclear fluorescence in a proportion of
cells was detected with the green filter (Fig. 1a). With time,
upon protein “maturing”, fluorescence was detected in the
overwhelming majority of the cells with both filters, and the
color of fluorescence observed with the green filter gradually
changed from green to yellow (Fig. 1a to d). The early steps of
Timer “maturation” (i.e., between 6 and 18 h) could be more
readily detected by using the red filter (compare panels a and
b with panels e and f) because it did not transmit the fluores-
cence of the young protein at all (Fig. 1e). Due to incomplete
synchrony of expression of the transfected gene, both green
and yellow cells could be present in the same field at interme-
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diate time intervals posttransfection (Fig. 1c). The change of
the fluorescence color should be attributed to the “age” of the
protein rather than to changes in its concentration because the
addition of protein synthesis inhibitor relatively early after
transfection did not prevent the color conversion (not shown).

Fluorescence was always confined entirely to the nuclei of
uninfected cells (Fig. 1a to h). After poliovirus infection, how-
ever, significant fluorescence could be observed, with both
filters, also located in the cytoplasm. The results obtained at
4 h p. i. in cells harboring the Timer protein of different “ages”
are shown in Fig. 1m to r. Importantly, the color of cytoplasmic
fluorescence in a given cell with the green filter always coin-
cided with the color of its nuclear fluorescence. Were the
cytoplasmic fluorescence in the infected cells due primarily to
the newly synthesized Timer protein, it should have always
been green. The cytoplasmic fluorescence observed in the in-
fected cells with the red filter (Fig. 1p to r) obviously corre-
sponded to the old molecules of the Timer protein because its
young molecules were not detectable with this filter (cf., Fig.
le).

We concluded that the fluorescence in the cytoplasm of
infected cells was predominantly represented by the protein
accumulated in the nucleus prior to infection rather than by
the newly synthesized molecules.

Evidence for the increased leakiness of nuclear envelope of
the infected cells. One of the simplest explanations for the
facilitated protein traffic between the nucleus and cytoplasm in
infected cells would be a general decrease in the barrier func-
tions of the nuclear envelope. This explanation was supported
by the following observations. Monolayers of mock-infected
HeLa-3E cells stably expressing 3XGFP-NLS were treated
with digitonin, known to destroy plasma membrane but to
leave nuclear envelope intact (1). Nuclei of such cells, as ex-
pected, proved to be fluorescent (Fig. 2a). In contrast, the
nuclei of similarly prepared permeabilized preparations of vi-
rus-infected cells at 2 h p.i. exhibited very low-level, if any,
fluorescence (Fig. 2b), indicating that the fluorescent protein
went out of the nuclei (and also out of the cytoplasm due to the
digitonin-mediated increase in permeability of the plasma
membrane). Similar results were obtained when isolated nuclei
from mock-infected and poliovirus-infected HeLa-3E cells
(rather than digitonin-permeabilized preparations of these
cells) were inspected by fluorescence microscopy (not shown).

Thus, infection rendered the nuclear envelope readily per-
meable for at least some of nuclear proteins.

Facilitated entry of cytoplasmic proteins into nuclei of in-
fected cells. Next, we wanted to ascertain whether protein
traffic in the opposite direction, i.e., from the cytoplasm to
nucleus was similarly affected by the viral infection. An abun-
dant glycolytic enzyme, GAPDH, and cyclin-B1 (in our case, a
readily detectable fusion of this protein with EGFP), which are
predominantly cytoplasmic in uninfected cells (Fig. 3a and c),
became nearly evenly distributed throughout the infected cells
already by 2 to 3 h p. i. (Fig. 3b and d). However, nuclear
translocation of these two proteins may occur at certain phys-
iological and pathological conditions (60, 67). Therefore, the
ability of the cytoplasm-to-nucleus translocation was also
tested with an artificial high-molecular-mass protein composed
of five in-frame fused copies of EGFP. This protein, named
SXEGFP, lacked an NLS and was large enough (~125 kDa) to
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FIG. 1. Cytoplasmic fluorescence in poliovirus-infected HeLa cells expressing the Timer-NA-NLS fusion was due to the efflux of the presyn-
thesized nuclear protein. In control uninfected Timer-transfected cells (a to 1), the newly synthesized protein was accumulated in the nuclei and
emitted fluorescence, which shifted with time from green to yellow when inspected with the green filter (a to d) and gradually became visible and
increased in intensity when inspected with the red filter (e to h). In poliovirus-infected cells at 4 h p.i. (m to u), fluorescence could be seen not
only in the nuclei but also in the cytoplasm, and the colors of nuclear and cytoplasmic fluorescence in a given cell coincided. The exposures were
10, 5, and 2 s for the pictures taken at 6, 18 to 26, and 76 h posttransfection, respectively, due to a marked difference in the fluorescence levels.
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mock polio

3xEGFP-NLS

Hoechst

FIG. 2. Loss of 3XGFP-NLS from nuclei of permeabilized polio-
virus-infected but not mock-infected HeLa-3E cells. At 2 h p.i. (MOI
of ~100 PFU/cell), the monolayers of HeLa-3E cells were treated with
digitonin, which by itself permeabilizes the plasma membrane but
leaves the nuclear membrane intact, stained with Hoechst 33258, and
inspected under fluorescence microscope by using the green (for
3XEGFP-NLS) and blue (for Hoechst) filter cubes. Note that this kind
of Hoechst dye is not able to enter the cell through an intact plasma
membrane, and therefore it stains only the permeabilized cells.

be excluded from the nuclei in mock-infected cells (Fig. 3e),
but it was distributed throughout the cell after poliovirus in-
fection (Fig. 3f). The confocal microscope was unavailable for
the experiments with cyclin B1 and 5XEGFP; furthermore,
living cells were inspected in these experiments rather than
fixed cells as in the GAPDH probes. Not surprisingly, the cells
had a different appearance in different panels of Fig. 3, but the
absence of nuclear exclusion was clear in all cases. The exper-
iments with cyclin B1 and GAPDH were performed in HeLa
and Hep-2 cells, respectively, to ascertain the generality of the
phenomenon, whereas the experiments with SXEGFP were
carried out in 293 cells because this protein was more stable in
these cells (uninfected or infected) than in HeLa cells, as
evidenced by Western blotting (not shown). It should also be
noted that the nucleus-to-cytoplasm relocation of EGFP-NLS
and 3XEGFP-NLS was observed also in poliovirus-infected
RD and L cells (not shown), demonstrating the generality of
the phenomena described.

Thus, poliovirus infection facilitated protein translocation in
both directions.

Electron microscopy of the nuclear envelope in infected
cells. In an attempt to find morphological correlates of the
increased leakiness of the nuclear envelope in the infected
cells, electron microscopic examination of such cells in com-
parison with their uninfected counterparts was carried out. In
uninfected HeLa cells, the central channel of the pores was
found to be closed by an electron-dense, bar-like structure,
seemingly anchored to the membranous nuclear envelope (Fig.
4a). Little condensed chromatin was lining the inner nuclear
membrane, and the chromatin did not extend over the nuclear
pore, thus leaving an electron translucent area at the site of the
so-called “basket” component of the nuclear pore. In infected

J. VIROL.

cells (Fig. 4b), the chromatin was more extensively condensed
and also left electron translucent areas behind the nuclear
pores. The space between inner and outer nuclear membrane
was dilated. The diameter of the central channel of the pores
was comparable to that in uninfected cells. Importantly, in
practically all pores of the nuclear envelope of infected cells,
the obstructing bar-like structure in the central channel was
missing, giving the impression of a fully open pore. These
alterations are fully compatible with the notion that poliovirus
infection makes the pores more permissive for the free bidi-
rectional diffusion of macromolecules.

Extracts of poliovirus-infected cells contain a proteolytic
factor(s) increasing leakiness of the nuclear envelope. As a
step toward elucidation of the mechanism of the nuclear en-
velope damage caused by poliovirus infection, we made use of
monolayers of uninfected HeLa-3E cells permeabilized with
digitonin. Such cells retained the fluorescent protein in the
nuclei when incubated with 10-fold-diluted S100 cytoplasmic
lysates from mock-infected cells (Fig. 5a) but completely lost it

GADPH

cyclin B-EGFP

SXxGFP

FIG. 3. Entry of cytoplasmatic proteins in the nucleus after polio-
virus infection. Mock-infected (a) and poliovirus-infected (b) Hep-2
cells were stained at 3 h p.i. with monoclonal anti-GAPDH antibodies.
The secondary antibodies were Cy3 conjugated. The samples were
analyzed with a Zeiss Axiovert 100 confocal microscope. HeLa cells
were transfected with a plasmid expressing cyclin B-EGFP and 24 h
posttransfection were mock infected (c) or poliovirus infected (d) and
inspected under epifluorescence microscope at 2 h p.i. 293 cells were
transiently transfected with a plasmid expressing five in-frame copies
of EGFP and at 24 h posttransfection were infected with poliovirus.
The mock-infected (e) and virus-infected (f) cells were investigated
under a fluorescence microscope at 2 h p.i.



VoL. 78, 2004

o

NUCLEOCYTOPLASMIC TRAFFIC IN POLIOVIRUS INFECTION

10171

FIG. 4. Electron microscopy of nuclear envelope and nuclear pores of uninfected and infected HeLa cells. (A) Uninfected cells. The upper
panel shows a segment from a nucleus (N) with nuclear pores (arrows) and small areas of condensed chromatin (asterisks) along the inner nuclear
membrane. The sites of the nuclear pore baskets are devoid of condensed chromatin. The lower series of pictures represent examples of nuclear
pores, all showing an obstructing bar-like structure in the central channel (arrows). (B) Poliovirus-infected cells at 5 h p.i. The upper panel shows
a segment of a nucleus (N) with nuclear pores (arrows), dilated perinuclear space, and heavily condensed chromatin (asterisks). The lower series
of pictures show examples of seemingly open nuclear pores (arrows) and the absence of the bar-like closures in the central channel. As in
uninfected cells, the condensed chromatin is discontinuous behind the nuclear pores. All pictures in this figure are at an equal magnification. Bar,

200 nm.

when treated with similarly diluted lysates from virus-infected
cells (Fig. 5b). The difference between the effects of extracts
from infected and mock-infected cells in their capacity to in-
crease permeability of the nuclear envelope could have been
ascribed to either the presence of some damaging activity in
the former or a stabilizing activity in the latter. In an attempt
to discriminate between these possibilities, the effect of a 10-
fold diluted 1:9 mixture of lysates from infected and mock-
infected cells was investigated. Even though the concentration
of the extract from the infected cells was 10 times lower than
in sample b, such a mixture efficiently triggered efflux of fluo-
rescence from the nuclei of permeabilized uninfected cells
(Fig. 5¢), a finding consistent with the presence in the extracts
from infected cells of a factor(s) decreasing the barrier prop-
erties of the nuclear envelope.

Since a likely candidate for the putative envelope-damaging
factor in the extracts from infected cells could be a protease,
the effects of several protease inhibitors on the traffic-enhanc-
ing activity of such extracts were investigated. The extracts
from infected cells diluted as in the sample described in Fig. 5¢
were incubated with appropriate inhibitors for 20 min at 4°C
and then added to monolayers of the permeabilized HeLa-3E
cells. Elastase inhibitors, MPCMK and elastatinal, both known
to suppress the proteolytic activity of poliovirus protease 2A
(47), inhibited the capacity of the extracts to promote efflux of
3XGFP-NLS at a concentration of 50 uM (Fig. 5g and k; Table
1). A similar effect was exerted by some other known inhibitors
of poliovirus (or rhinovirus) 2A, such as antipain (300 pM),
chymostatin (20 uM), Zn** (5 mM), and Cd** (2.5 mM) but
not by the compounds with no reported 2A-inhibitory activity
(leupeptin, pepstatin A, and PMSF) (Table 1). A notable ex-
ception from this regularity was a strong inhibitory effect of a
low concentration (5 uM) of a broad-spectrum caspase inhib-

itor, zVAD.fmk, on the envelope-permeabilizing activity of
extracts from infected cell (Fig. 5Sn and Table 1). The protease
activity of 2A was reported to be resistant to zVAD.fmk at
concentrations at least 40 times higher than used here (83).
We concluded that a proteolytic activity or activities were
involved in facilitating the exit of some proteins from the nuclei
of permeabilized uninfected cells by extracts from the virus-
infected cells. The results with inhibitors were consistent with
the hypothesis that the viral 2A protease was a key component
of the underlying mechanism, and they also suggested that a
protease sensitive to zVAD.fmk played a role in this process.
Effects of protease inhibitors on the efflux of nuclear protein
from the nuclei of living infected cells. One may wonder to
what extent the results obtained above with permeabilized cells
reflected the relocation of nuclear proteins observed in living
infected cells. This question seemed the more pertinent be-
cause, in an apparent discrepancy with the results presented in
Fig. 5, we have previously reported that zVAD.fmk failed to
affect the infection-triggered relocation of nuclear proteins (6).
It should be noted that the previous experiments were per-
formed at an MOI of ~500 PFU/cell. Under this condition,
zVAD .fmk at 100 uM indeed did not prevent efflux of 3X GFP-
NLS from the nuclei of infected cells, even if replication of the
viral genome was inhibited by the addition of 2 mM guanidine-
HCI (Fig. 6g). However, the inhibitory activity of zVAD.fmk
could be detected in cells infected at a lower MOI, e.g., 10
PFU/cell. In this case, the appearance of cytoplasmic fluores-
cence in HeLa-3E cells could readily be detected at least as
early as 2 h p.., both in the absence (Fig. 6b) and in the
presence (Fig. 6e) of guanidine-HCI. However, if the infection
took place in the presence of zZVAD.fmk, efflux of the fluores-
cent protein was delayed for 1 (Fig. 6d) or 2 (Fig. 6f and m) h,
respectively. Thus, zVAD.fmk partially suppressed infection-
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Extract-induced efflux

olio mix

mock

Hoechst 3xEGFP-NLS

Effect of inhibitors

50 uM 10 uM 5uM

+MPCMK

+Elastatinal

+zZ\VVAD.fmk

FIG. 5. Stimulation of 3XGFP-NLS efflux from nuclei of perme-
abilized uninfected cells by extracts from poliovirus-infected cells. Mono-
layers of HeLa-3E cells were permeabilized with digitonin and incu-
bated with 10-fold-diluted S100 extracts from mock-infected (a and d)
or poliovirus-infected (b and e¢) HeLa cells for 1 h at 37°C. In panels
c and f, the permeabilized cells were incubated with a 10-fold-diluted
mixture of 1 and 9 pl of lysates from infected and mock-infected cells,
respectively (the protein concentrations in all probes being equal). The
effects of protease inhibitors (g to o) were assayed on permeabilized
uninfected HeLa-3E cells by using the extract prepared as described
for panels ¢ and f. The extracts were preincubated with the inhibitors
for 20 min at 4°C and then applied to the cells for 1 h at 37°C.

triggered permeabilization of the nuclear envelope in the living
cells as well.

MPCMK at 1 mM fully prevented redistribution of the flu-
orescent protein in the infected cells (Fig. 6¢, j, q, and x). The
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requirement for a significantly higher concentration of this
inhibitor compared to the experiments with extracts could at
least in part be due to its poor entry into the cells. Elastatinal
at 0.5 mM failed to appreciably affect distribution of the fluo-
rescent protein in the infected cells (not shown). This failure
might also be due to the poor entry of the drug into the cell, as
suggested by a relatively small (~10-fold) decrease in the yield
of infectious virus compared to an ~1,000-fold decrease
caused by 1 mM MPCMK (47). It is important to note that a
complete inhibition of viral replication, e.g., by guanidine-HCI,
did not prevent permeabilization of the nuclear envelope (see
above).

We concluded that an MPCMK-sensitive protease activity
was an essential component of the pathway leading to the
alteration of the nuclear envelope in poliovirus-infected cells.
This pathway may also involve a zVAD.fmk-sensitive event,
perhaps a caspase-like activity (see, however, the Discussion).

Are caspase-9 and caspase-3 involved in the alteration of
nucleocytoplasmic traffic in infected cells? It is known that
apoptosis results in an increase in the permeability of the
nuclear envelope, which involves the activity of caspase-9 (20).
Poliovirus infection switches on an apoptotic program (2, 69),
and caspase-9 is a major initiating caspase in this program (7).
Therefore, we considered the possibility that poliovirus-trig-
gered redistribution of intracellular proteins might be due to
the infection-activated caspase-9. A relatively weak capacity of
zVAD.fmk to prevent the redistribution (see above) is consis-
tent with this hypothesis because caspase-9 is relatively insen-
sitive to this drug (Y. Lazebnik, unpublished data). To ascer-
tain whether this enzyme did play a significant role in the
poliovirus-induced alterations of the permeability of nuclear
envelope, cells selectively deficient in caspase-9 activity (due to
the expression of a dominant-negative mutant of the enzyme)
were used. Such cells, MCF7-Cas9DN were derived from
MCF-7, which in addition lack active caspase-3 (38), and
were shown previously to be deficient in developing the apo-
ptotic response to poliovirus infection under conditions when
cells with the full complement of caspases did so (7). MCF7-
Cas9DN cells were transiently transfected with a plasmid ex-
pressing EGFP-NLS. As expected, the fluorescence in such
cells was observed entirely in the nuclei (Fig. 7a). Poliovirus
infection of these cells resulted in an early efflux of EGFP-NLS
from the nuclei to the cytoplasm (Fig. 7b).

We concluded that the poliovirus-induced alterations of the
nuclear structure could occur without the participation of cas-
pase-3 and caspase-9.

Effect of poliovirus 2A on nucleocytoplasmic traffic. In order
to ascertain which poliovirus proteins were responsible for the
relocation of nuclear proteins, preliminary experiments with
plasmids expressing different nonstructural viral proteins were
carried out. Positive results were obtained with a 2A-express-
ing vector, and this effect was studied in more detail. The 2A-
expressing plasmid, pUHC-2A, when transfected into HeLa-
3E cells stably expressing 3XGFP-NLS, efficiently triggered
the appearance of cytoplasmic fluorescence in a significant
proportion of cells (Fig. 8b). As could be expected from a
relatively inefficient transfection, the effect was not evident in
all cells, and it developed markedly more slowly than in the
virus-infected cells, probably due to the lack of RNA replica-
tion and the 2A-induced inhibition of cap-dependent transla-
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TABLE 1. Effect of various protease inhibitors on the capacity of lysates from poliovirus-infected cells to promote efflux of 3X GFP-NLS
from nuclei of permeabilized uninfected cells®

Inhibitor Concn tested Effect” Remarks (known effects on poliovirus 2AP™)¢ Reference
MPCMK 50 uM + Inhibition with ICy, of 67 uM 47
Elastatinal 50 uM + Inhibition at 250 pM 47
Antipain 300 M + Inhibition at 300 pM 47
Chymostatin 20 pM + Inhibition of rhinovirus 2AP™ with ICs, of 25 uM 63
zVAD.fmk 5 uM + No inhibition at 200 uM 83
Leupeptin 1 mM - Inhibition by 27% at 1 mM 41
Pepstatin A 1 mM - No inhibition at 1 mM 41
PMSF 1 mM - No inhibition at 1 mM 41
Zn** 5 mM + Inhibition by 52% at 10 mM 41
Cd** 2.5 mM + Inhibition by 56% at 10 mM 41
65°C, 30 min +

“ The lysates were prepared and the experiments were carried out as indicated for Fig. 5 ¢ and f.

b 4, Inhibition of the efflux-promoting activity of extracts from infected cells, i.e., nuclei of cells treated with such extracts exhibited fluorescence comparable to that
of cells treated with extracts from mock-infected cells; —, no effect. Each assay was performed at least twice.

¢ When data for poliovirus 2AP™ were not available, relevant data for the rhinovirus 2AP™ are given. ICs,, 50% inhibitory concentration.

tion (42). A similar plasmid, pUHC-2A(H20N), harboring the
H20N mutation in the 2A-coding sequence known to inactivate
the protease (82), failed to trigger efflux of the nuclear protein
(Fig. 8c).

Cytoplasmic extracts from cells transfected with the 2A-
expressing plasmid facilitated the efflux of fluorescence from
permeabilized HeLa-EGFP cells (Fig. 8d), whereas extracts
from cells expressing proteolytically inactive 2A mutant were
devoid of such activity (Fig. 8g). The efflux-promoting activity
of 2A-containing extracts was inhibited by zVAD.fmk (Fig. 8e)
and MPCMK (Fig. 8f).

poliovirus 10 PFU

We concluded that the effect of 2A on nucleocytoplasmic
traffic mimicked to a significant extent that of the intact virus.
In line with the results obtained with the extracts from the
infected cells, the activity of extracts from 2A-expressing cells
was sensitive to zVAD.fmk.

DISCUSSION

The results described here, in particular those involving the
Timer protein, as well as nuclei or permeabilized cells, clearly
demonstrate that poliovirus infection facilitates efflux of some

500 PFU

hours post infection

+MPCMK +ZVADfmk +gua

+gua/zVAD +g ua/zVAD

FIG. 6. Effects of inhibitors on the infection-triggered protein efflux from the nuclei. HeLa-3E cells were infected as described in Materials and
Methods at MOIs of 10 or 500 PFU/cell. The inhibitors were used at the following concentrations: MPCMK, 1 mM; zVAD.fmk, 100 wM; and

guanidine-HCI, 2 mM.
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EGFP-NLS

phase contrast

FIG. 7. Efflux of EGFP-NLS from the nuclei of poliovirus-infected
cells lacking caspase-3 and -9. MCF-Cas9DN cells were transiently
transfected with pEGFP-NLS; at 48 h posttransfection they were mock
infected (a) or infected with poliovirus at an input MOI of ~500
PFU/cell (b) and inspected under a fluorescence microscope at 2 h p.i.

nuclear proteins into the cytoplasm. Although only artificial
NLS-containing proteins were used in the present study to
follow the efflux, a similar phenomenon was observed with a
natural endogenous protein prothymosin-a (L. I. Romanova et
al., unpublished data). As shown for three cytoplasmic pro-
teins, GAPDH, cyclin B1-EGFP, and an NLS-lacking fusion of
five copies of GFP, the traffic (perhaps free diffusion) of pro-
teins is facilitated in the opposite direction as well. Gustin and
Sarnow (32-34) presented evidence that poliovirus infection
suppressed the active nuclear import of cytoplasmic proteins.
Indeed, a drastic alteration of the nuclear pore structure and
function appears to be accompanied by both an increased leak-
iness of the nuclear envelope and a suppression of the energy-
dependent nucleocytoplasmic traffic. A combination of these
two alterations fully explains all of the observed phenomena.

Viral intervention into the control of nucleocytoplasmic traf-
fic appears to be a general phenomenon. It may serve a variety
of purposes, e.g., import of viral components into, and export
from, the nucleus (reviewed in references 19 and 75), contrib-
uting thereby to the efficiency of viral reproduction, as well as
the development of host cell pathology. Different molecular
mechanisms are exploited to accomplish these goals. Redistri-
bution of nuclear proteins may be caused, for example, by the
loss of an NLS due to infection-associated proteolytic activity
(62). Stimulation of nuclear export of viral macromolecules,
e.g., unspliced or incompletely spliced viral RNAs, may be
exemplified by the existence of different retroviral trans-acting
factors and RNA cis elements interacting with dedicated cel-
lular shuttle carriers (76). Human immunodeficiency virus type
1-encoded protein Vpr can induce transient, localized “hernia-
tions” in the nuclear envelope, ensuring mixing of nuclear and
cytoplasmic components (13). To permit the exit of large sub-
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viral components from the nucleus, a CMV protein phosphor-
ylates proteins of the lamina, thereby promoting its dissolution
(49). On the other hand, the matrix protein of vesicular sto-
matitis virus (53, 70) and related viruses (52) inhibits active
nuclear export and import of proteins and RNAs by interacting
with NPC, particularly Nup98. Inactivation of this nucleoporin
is known to inhibit nucleocytoplasmic transport of a set of
macromolecules (77). Virus-specific proteins of a number of
viruses, e.g., influenza virus (11, 12), adenovirus (16), and her-
pesvirus (59), use a variety of mechanisms for control of dif-
ferential nuclear export of host and viral mRNA species.

Although the features of the alteration of nucleocytoplasmic
traffic in poliovirus-infected cells are only starting to emerge, it
seems that the mechanism(s) involved differ from those al-
ready described. Electron microscopy provides clear evidence
for a dramatic structural alteration of the nuclear pores, giving
the impression that, in the infected cells, the gateway between
the cytoplasmic and nuclear compartments becomes open. The
destruction of the pores correlates well with the degradation
(probably proteolysis) of certain nucleoporins (33, 34). In par-
ticular, Nup153 and p62 degraded upon poliovirus and rhino-
virus infection (33, 34). Remarkably, p62, together with asso-
ciated p58, p54, and p45, appear to form a doughnut-shaped
“central granule” or “plug” with a diameter of ~15 nm located
within the channel of the nuclear pore (30, 31). It is tempting
to correlate proteolysis of p62 with the loss of the electron-
dense material separating nuclear and cytoplasmic compart-
ments, but this hypothesis should await direct confirmation.
Nup153 was mapped to the distal ring of the so-called basket
at the nuclear side of the pore (51, 72). Its degradation might
also contribute to the observed morphological alterations. Mix-
ing of nuclear and cytoplasmic soluble content should occur as
a consequence of these events. Of course, this does not nec-
essarily imply redistribution of the proteins involved in immo-
bile or extremely large complexes.

Phenomenologically, a similar increase in bidirectional leak-
iness of the nuclear envelope also takes place in apoptotic cells.
The efflux of GFP-NLS from the nuclei of such cells could be
observed, and immunofluorescence assays with antibodies to
different NPC proteins have revealed significant alterations of
the nuclear pore structure (20). Also, expression of poliovirus
2A may cause apoptotic reaction (26). Furthermore, caspase-
dependent degradation of Nup153 was registered during apo-
ptosis (9), although the sizes of the proteolytic products in
apoptotic and rhinovirus-infected cells appeared to be different
(34). The mechanisms of the alteration of nucleocytoplasmic
traffic during the cellular response to poliovirus infection and
apoptotic stimuli seem, however, to be different. As shown
here, this alteration in the infected cells, in contrast to apo-
ptotic cells (20), does not require active caspases-9 and cas-
pases-3. Degradation of p62 is a characteristic of the virus-
infected (33, 34) but not of the apoptotic (9, 20) cells.

The mechanism of structural and biochemical damage to the
nuclear envelope caused by picornavirus infection has yet to be
defined. Several lines of evidence suggest that proteolytic ac-
tivity of the viral 2A protein may be involved. (i) Transient
expression of wild-type 2A is accompanied by the nuclear efflux
of a NLS-containing fluorescent protein, whereas 2A harbor-
ing a protease-inactivating mutation is devoid of such an ac-
tivity. (ii) Cytoplasmic extracts from infected cells or cells ex-
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Effects of 2A expression plasmids
untreated cells

2A-wild type

2A-H20N mutant

Effects of lysates from 2A-expressing cells

2A-wild type

2A-H20N

- +zVAD.fmk +MPCMK

Hoechst 3xEGFP-NLS

FIG. 8. Effect of poliovirus 2A protease on the relocation of 3X GFP-NLS from the nuclei of uninfected cells. In the upper set of panels (a to
c), HeLa-3E cells were untreated (a) or transfected with plasmids expressing either the wild-type poliovirus 2A (b) or 2A harboring a protease
inactivating H20N mutation (c). The pictures were taken 12 h after the transfection. In the lower set of panels (d to k), twofold-diluted S15 extracts
from HelLa cells expressing wild-type (d to f and h to j) and mutant (g and k) 2A were applied to the permeabilized uninfected HeLa-3E cells for
1 h at 37°C. When used, zVAD.fmk and MPCMK were at 5 and 50 wM, respectively, and preincubated with the extracts for 20 min at 4°C.

pressing the wild-type 2A (but not the mutant 2A) trigger the
loss of fluorescent protein from the nuclei of permeabilized un-
infected cells. (iii) This capacity of the extracts is suppressed by
MPCMK, elastatinal, and some other compounds known to
inhibit the proteolytic activity of 2A. (iv) A similar effect was
exerted by MPCMK on nuclear efflux in virus-infected cells,
suggesting that the phenomena observed in permeabilized cells
treated with extracts from infected or 2A-expressing cells
mimic well those in virus-infected cells. It should be admitted
that elastatinal was inefficient in this respect in the infected
cells, but this may be explained by its weak anti-2A activity in
vivo, as judged by relatively small effect on viral reproduction
(47).

The capacity of extracts from poliovirus-infected or 2A-ex-
pressing cells to promote nuclear efflux in permeabilized un-

infected cells to be efficiently inhibited by zVAD.fmk deserves
special comments. This drug was known to not inhibit either the
activity of 2A protease in vitro (83) or 2A-dependent poliovirus
reproduction (2). In line with these data, it may be assumed
that increased permeabilization of the nuclear pores during
poliovirus infection involves an additional proteolytic activity
or activities, which may work either in parallel or as a conse-
quence of 2A activity. It should be noted that 2A was reported
to activate host cell proteases, including a zZVAD.fmk-sensitive
one (83). The involvement in the degradation of p62 and Nup153
in poliovirus-infected cells (33, 34) of proteolytic activity(ies)
other than 2A is suggested also by the fact that the 2A-specific
cleavage site, Tyr-Gly, is absent from the former nucleoporin
(http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein
&val=29791855), and the location of its two copies in the latter



10176 BELOV ET AL.

(http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein
&val=31418202) could not account for the pattern of the ob-
served degradation products.

On the other hand, after the submission of the original
version of the present study, it was reported that the O-meth-
ylated form of zZVAD.fmk (the one used here) could inhibit the
proteolytic activity of rhinovirus 2A (14). If this is true also of
poliovirus 2A, then the involvement of another zVAD.fmk-
sensitive enzyme in the 2A-mediated alteration of nucleocyto-
plasmic traffic should not necessarily be invoked. It may be
noted that since the O-methylated form of zZVAD.fmk under-
goes intracellular demethylation and the demethylated form of
the drug was not active against rhinovirus 2A protease (14),
this may explain dependence of the zZVAD.fmk effect on the
MOI: there could be not enough active form of the inhibitor to
suppress all 2A molecules formed at a high MOI.

The possibility of activation of a 2A-independent pathway
targeting NPC cannot be ruled out as well. Regardless of the
mechanism, the nuclear pore damage should exert a significant
impact on the course of the infection, affecting both viral
growth and host cell pathology. The obvious biological rele-
vance of the facilitated bidirectional exchange of macromole-
cules between nuclei and cytoplasm was mentioned in the
introduction. Here, we point to still another possible effect of
the virus-triggered degradation of NPC. In addition to its role
as a selective gateway in the nuclear envelope, NPC appears to
be involved in the regulation of gene expression by controlling
barriers that prevent the spread of heterochromatinization and
silencing (23, 36). Although this involvement is only beginning
to be appreciated, and the available data, especially with re-
gard to higher eukaryota, remain rather scarce, it is tempting
to speculate that NPC destruction in infected cells may con-
tribute to chromatin heterochromatinization and hence to in-
hibition of host transcription. The validity of this speculation
should be checked experimentally.
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