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Representatives of several picornavirus genera have been shown previously to significantly enhance non-
controllable bidirectional exchange of proteins between nuclei and cytoplasm. In enteroviruses and rhinovi-
ruses, enhanced permeabilization of the nuclear pores appears to be primarily due to proteolytic degradation
of some nucleoporins (protein components of the pore), whereas this effect in cardiovirus-infected cells is
triggered by the leader (L) protein, devoid of any enzymatic activities. Here, we present evidence that expres-
sion of L alone was sufficient to cause permeabilization of the nuclear envelope in HeLa cells. In contrast to
poliovirus, mengovirus infection of these cells did not elicit loss of nucleoporins Nup62 and Nup153 from the
nuclear pore complex. Instead, nuclear envelope permeabilization was accompanied by hyperphosphorylation
of Nup62 in cells infected with wild-type mengovirus, whereas both of these alterations were suppressed in
L-deficient virus mutants. Since phosphorylation of Nup62 (although less prominent) did accompany perme-
abilization of the nuclear envelope prior to its mitotic disassembly in uninfected cells, we hypothesize that
cardiovirus L alters the nucleocytoplasmic traffic by hijacking some components of the normal cell division
machinery. The variability and biological significance of picornaviral interactions with the nucleocytoplasmic
transport in the infected cells are discussed.

Productive viral interaction with host cells requires genera-
tion of an intracellular environment ensuring efficient synthesis
and assembly of virally encoded macromolecules. A fundamen-
tal aspect of this process is overcoming a variety of host de-
fensive tools, collectively named innate immunity. Some of the
viral antidefensive measures are direct results of enzymatic
activities of viral proteins, as exemplified by proteolytic degra-
dation of host translation or transcription factors. However,
the viral antidefensive armament in the case of small-genome
viruses is usually relatively limited, and therefore such viruses
have evolved the capacity to divert (“hijack”) cellular proteins,
pathways, and structures to perform proviral functions. A
group of viruses relatively well studied in this respect, is rep-
resented by picornaviruses—small, nonenveloped animal vi-
ruses with a 7.2- to 8.5-kb RNA genome of positive polarity
(46).

The Picornaviridae family is composed of at least nine gen-
era (48), which share general genome organization but differ
from each other in some important aspects such as, for exam-
ple, the capsid structure (and consequently the usage of cellu-
lar receptors), the structure of replicative and translational cis
elements, and the presence or absence of structurally and func-
tionally unrelated accessory (usually nonessential) proteins (2).

In recent years, we have studied, among other activities
exhibited by picornaviruses, their ability to trigger bidirectional

permeabilization of the nuclear envelope, facilitating noncon-
trollable exchange of macromolecules between the nucleus and
cytoplasm (5, 6, 25). It is thought that such exchange could
stimulate virus-specific protein and/or RNA synthesis in the
cytoplasm by making available stimulatory nuclear proteins,
and it could, on the other hand, represent a viral antidefensive
tool, permitting entry into the nucleus of viral inhibitors of host
transcription.

In uninfected cells, the nucleocytoplasmic transport is a
tightly regulated and energy-dependent process, at least as far
as proteins with molecular masses of more than 40 to 60 kDa
and RNA molecules are concerned (15, 50). The proteins
destined into or out of the nuclei should possess specific amino
acid motifs, nuclear localization signals (NLS) and nuclear
export signals, respectively. These signaling motifs are recog-
nized by soluble protein receptors, importins (38). The direc-
tion of traffic is controlled by Ran, a small GTPase, which
exists in either GTP-bound (nuclear) or GDP-bound (cytoplas-
mic) forms. The traffic occurs through specialized “gates” in
the nuclear envelope, so-called nuclear pore complexes (NPC),
large (�125-MDa) barrel-like assemblies build from about 30
protein species called nucleoporins (Nups). The core part of
the pore is comprised by eight granules arranged around the
permeable channel and anchored to the nuclear envelope.
Attached to this core are peripheral components, the cytoplas-
mic and nuclear rings and filaments (26).

The recognition of transportins is carried out by the Nup’s
amino acid motifs, so-called phenylalanine-glycine (FG)-con-
taining repeats (FXFG, GLFG, and FG) (44). The FG repeats
containing domains of Nups are thought to exist mainly as
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unfolded stretches that are available for interactions with car-
goes (11, 27). The central channel harbors a structure, visible
by electron microscopy as a dense entity (4), that includes the
Nup62 complex composed of Nup62, Nup58, Nup54, and
Nup45 (21). This complex plays an important part in the con-
trol of selective permeability of the pores (33). The most dra-
matic, although physiological, alterations of NPC that termi-
nate in their complete dismantling take place during mitosis
(43).

Although representatives of enteroviruses, rhinoviruses, and
cardioviruses appeared to elicit phenomenologically similar
effects on the nucleocytoplasmic transport, they accomplish
this by fundamentally different mechanisms. In the case of
enteroviruses and rhinoviruses, the key effector protein is viral
protease 2Apro (6, 17, 18, 37) which cleaves a number of Nups
(Nup62, Nup153, and Nup98). Cardioviruses lack 2Apro-like
polypeptide, and alterations of the nucleocytoplasmic trans-
port in cells infected with these viruses is mediated by the viral
leader (L) protein (10, 25), which is devoid of any enzymatic
activity. The ability of the protein kinase inhibitor staurosporin
to prevent cardiovirus-elicited permeabilization of the nuclear
envelope (25) suggests that the L protein interacts with some
phosphorylation pathway involved in the control of the nucle-
ocytoplasmic exchange. The leader protein was reported to
interact with Ran and is supposed to affect the energy-depen-
dent active nuclear transport (41), but it is unclear how, and
whether, this interaction could directly explain staurosporin-
sensitive permeabilization of the nuclear pores.

It is appropriate to note that phosphorylation was proposed
to participate in regulation of the nuclear transport machinery
in uninfected cells, although appropriate mechanisms are yet
to be elucidated in detail (22, 35). Importantly, some Nups,
including Nup62, were shown to be phosphorylated (16, 28, 30,
34). It is well documented that mitotic disassembly of the
nuclear envelope and, in particular, of nuclear pores, is asso-
ciated with changes in the phosphorylation status of certain
Nups (16, 30, 34).

In the present study, we investigated the fate (intracellular
localization, integrity, and phosphorylation status) of some
Nups, in particular Nup62, in cells infected with cardioviruses
or their L-deficient mutants. We also compared the behavior
of Nup62 in cardiovirus-infected cells, on the one hand, and at
early stages of mitosis on the other.

MATERIALS AND METHODS

Cells and viruses. HeLa-B (a subline of HeLa cells) (51) and HeLa-3E cells
(constitutively expressing 3�EGFP-NLS, i.e., three copies of the enhanced green
fluorescent protein [EGFP] fused to the simian virus 40 NLS) (6) were grown on
petri dishes in Dulbecco modified Eagle medium with 10% fetal bovine serum.
The cells were washed with serum-free Eagle medium and infected with appro-
priate viruses at a multiplicity of infection (MOI) of �100 PFU/cell unless
indicated otherwise. After 30 min of adsorption with agitation at 18°C, the cells
were washed again and incubated with 5% CO2 in serum-free medium at 37°C
for various time intervals. Poliovirus type 1 Mahoney strain and mengovirus
strain of encephalomyocarditis virus were used. The mengovirus mutants were
described previously (19, 56, 57).

Cell synchronization. To obtain a fraction of mitotic enriched cells, half-
confluent monolayers of HeLa-3E cells were incubated with the above medium
containing 250 �M thymidine (Sigma) for 16 h and in the absence of thymidine
for an additional 11 to 12 h. Cells were detached by gentle shaking and collected
by centrifugation at 300 � g for 10 min at 4°C. As judged by DNA staining
followed by microscopy, the overwhelming majority of the cells in such prepa-

rations were mitotic or early postmitotic. For the immunofluorescence analysis of
Nups in a synchronized cell population, the double thymidine block was used.
Cells were incubated for 16 h in the presence of thymidine, for 8 h in its absence,
for 16 h again with the nucleoside, and finally for 12.5 h in the thymidine-free
medium.

Plasmids. The plasmids encoding mengovirus L protein or its mutants with red
fluorescent protein (RFP; dsRed1) fused to their C termini were constructed by
insertion of PCR fragments obtained from the full genome DNA copies of
appropriate viruses (56, 57) into HindIII-BamHI sites of the pdsRed1-N1 vector
(Clontech).

Transient transfection. For transfection, Lipofectamine 2000 (Invitrogen) was
used essentially according to the manufacturer’s recommendations. Briefly, the
reagent was diluted in Dulbecco modified Eagle medium, mixed with 1 to 2 �g
of DNA, incubated for 20 min at room temperature, and added to monolayers of
HeLa cells.

Preparation of cell extracts. HeLa-B cells were grown in 1.5-liter roller bottles
until near confluence and then mock infected or infected with mengovirus at an
input MOI of �30 PFU/cell. After incubation for 4.5 h at 37°C, cells were
collected by treatment with EDTA, placed in a hypotonic buffer {50 mM PIPES
[piperazine-N,N�-bis(2-ethanesulfonic acid)], 50 mM KCl, 5 mM EGTA, 2 mM
MgCl2, 1 mM dithiothreitol [DTT], 10 �g of cytochalasin B/ml; pH 7), and
subjected to three cycles of freezing and thawing, with subsequent centrifugation
at 100,000 � g, as previously described (6).

Nuclear envelope permeability assay. Monolayers of HeLa-3E cells were
treated with digitonin (1), as previously described (6). Briefly, the cells were
washed consecutively with phosphate-buffered saline (PBS) and permeabiliza-
tion buffer (50 mM PIPES, 50 mM KCl, 5 mM EGTA, 2 mM MgCl2, 1 mM DTT;
pH 7), exposed to the detergent (40 �g/ml for 5 min), and then carefully washed
with the digitonin-free permeabilization buffer. The digitonin solution was sup-
plemented with Hoechst 33258 (Sigma) dye, which penetrates through the
plasma membrane relatively slowly. Under the conditions used, the permeabil-
ized cells were stained well, whereas the cells with intact plasma membranes were
stained poorly, if at all. Permeabilized monolayers were overlaid with appropri-
ate cell extracts, diluted 10-fold in permeabilization buffer. Samples were incu-
bated for 1 h at 37°C and examined under an epifluorescence microscope.

Antibodies. Monoclonal antibody (MAb) 414 antibodies raised against FG
repeats of Nups were obtained from Covance. Anti-Nup62 MAb against the 24-
to 178-amino-acid region belonging to the N-terminal FG-containing domain of
the protein were from BD Transduction Laboratories. Anti-Nup153 (QE5) were
from Abcam, antibodies recognizing phosphorylated serine 10 of H3 histone
[p-Histone H3 (Ser10)-R] were from Santa Cruz, and anti-actin antibodies (AC-
40) were from Sigma. Horseradish-conjugated anti-mouse and anti-rabbit anti-
bodies were from Promega. Anti-mouse antibodies conjugated with Alexa Fluor
555 were from Invitrogen.

Immunofluorescence. Subconfluent cell monolayers growing on coverslips
were fixed for 20 min with 3.7% paraformaldehyde diluted in PBS, washed, and
permeabilized with 0.2% Triton X-100 in PBS for 10 min. Cells were washed
three times with PBS for 5 min each time, blocked with 1% bovine serum
albumin for 1 h at 37°C, incubated with the primary antibodies in immunofluo-
rescence buffer (0.1% bovine serum albumin and 0.05% Tween 20 in PBS) for
1 h, washed thrice for 5 min each time with this buffer, incubated with the
secondary antibodies for 0.5 to 1 h, and washed again three times with the same
buffer containing Hoechst 33342 (5 �g/ml). The coverslips were mounted in
Mowiol and inspected with Leica DMLS or Zeiss Axiovert 200M microscopes.

32P labeling of WGA-binding proteins. At the indicated times postinfection
(p.i.), mock- and virus-infected cells were washed with phosphate-free medium
and incubated in the presence of 300 �Ci of [32P]orthophosphate/ml in phos-
phate-free medium for 2 h at 37°C. The cells were washed, harvested, and
pelleted by centrifugation at 300 � g for 5 min at 4°C. The pellets were washed
with ice-cold lysis buffer A (250 mM sucrose, 10 mM HEPES [pH 7.4], 50 mM
KCl, 2.5 mM MgCl2, 1 mM DTT, 20 �g of cycloheximide/ml, and 5 �g [each] of
cytochalasin B, chymostatin, leupeptin, and pepstatin A/ml), resuspended in 20
volumes of lysis buffer B (20 mM HEPES [pH 7.0], 100 mM KCl, 2 mM MgCl2,
1 mM DTT, 5 �g [each] of chymostatin, leupeptin, and pepstatin A/ml), and
lysed by three cycles of freezing and thawing with brief vortexing prior to each
freezing. Total cell lysates were centrifuged at 300 � g for 15 min at 4°C, and the
supernatants represented the cytosolic fraction. The pellets were washed with the
buffer B and resuspended in 20 volumes of the same buffer yielding the mem-
brane fraction. The extraction of wheat germ agglutinin (WGA)-binding proteins
was performed as previously described (14). Briefly, 1 volume of cytoplasmic and
membrane fractions were incubated with 0.5 volume of packed, prewashed
WGA-agarose (Sigma) for 1 to 2 h at 4°C with rocking. The WGA-agarose was
pelleted (1,000 � g, 30 s), and the supernatant was discarded. The WGA granules
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were washed extensively with lysis buffer B. WGA-binding proteins were eluted
by incubation (30 min, 4°C) with a 0.25 volume of the same buffer containing 0.5
M N-acetylglucosamine. WGA-binding fraction of 32P-labeled proteins, which is
known to correspond to Nups (34), was resolved by sodium dodecyl sulfate–12%
polyacrylamide gel electrophoresis (SDS–12% PAGE) and analyzed by autora-
diography. Prestained protein markers (Fermentas) were used for the molecular
mass evaluation.

Immunoprecipitation. Cells were collected after treatment with versene and
pelleted by centrifugation at 300 � g for 10 min at 4°C. All of the following
manipulations were performed at 4°C. The pellets were resuspended in radio-
immunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% sodium deoxy-
cholate, 1% Triton X-100, 0.1% SDS, 1 mM EDTA, 10 mM Tris-HCl [pH 7.5])
supplemented with a phosphatase inhibitors cocktail (Sigma) to suppress endog-
enous phosphatase activity. The lysates were subjected to centrifugation at
12,000 � g for 10 min, and the pellets were discarded. The supernatants were
supplemented with 3 to 5 �g of the anti-Nup62 MAb/ml and a RIPA-washed
protein A-agarose (Sigma) suspension (20% of the supernatant volume). The
control sample received no antibodies. The samples were incubated for 1 to 3 h
with rocking, and the agarose-Nup62 complexes were washed twice with RIPA
buffer and heated in sample buffer for Western blotting or treated with �-phos-
phatase as described below.

Phosphatase treatment. Two phosphatases, calf intestine alkaline phosphatase
(Promega) and �-protein phosphatase (�-PPase; New England Biolabs), were
used to treat the phosphorylated form of Nup62. In the former case, the mock-
and mengovirus-infected cell lysates were dialyzed against alkaline phosphatase
buffer (50 mM Tris-HCl [pH 8.9], 5 mM MgCl2, 0.1 mM ZnCl2, 1 mM DTT), and
the samples were incubated in the presence of 100 U of the enzyme/ml in the
same buffer at 30°C for 30 min. To treat Nup62 with �-PPase, the immunopre-
cipitated samples of Nup62 were washed twice with �-PPase buffer (100 mM
NaCl, 2 mM MnCl2, 2 mM dithiothreitol, 0.1 mM EGTA, 0.01% Brij 35, 50 mM
Tris-HCl [pH 7.5]; New England Biolabs) and exposed to 1,000 U of the en-
zyme/ml for 30 min at 30°C. The resulting samples were subjected to SDS–6%
PAGE, followed by Western blotting with the use of anti-Nup62 antibodies.

Western blotting. The cells were lysed by addition of the sample buffer (2%
SDS, 50 mM 2-mercaptoethanol, 50 mM Tris-HCl [pH 6.8]), sonicated in ice,
and heated at 95°C for 10 min. After separation by electrophoresis in a poly-
acrylamide gel, the proteins were electrotransferred in the transfer buffer (190
mM glycine, 2.5 mM Tris [pH 8.3]) onto Hybond-P membrane (Amersham) and
probed with appropriate antibodies in TBS (114 mM NaCl, 17 mM Tris-HCl [pH
8.0]) containing 5% nonfat milk. The membranes were developed with an ECL�
kit (Amersham) according to the manufacturer’s recommendations.

2D electrophoresis. The cells collected by EDTA treatment or by shaking the
culture vessel were pelleted by centrifugation, washed with PBS, resuspended in
two-dimensional (2D) electrophoresis sample buffer (9 M urea, 2 mM N-lau-
roylsarcosine, 5% Bio-Lyte 3/10 [Bio-Rad], 65 mM DTT), lysed by freezing-
thawing, and sonicated. In the case of immunoprecipitated Nup62 samples, the
preparations were washed twice with 2 mM Tris-HCl (pH 7.5) and then resus-
pended in another isoelectrofocusing buffer (9 M urea, 5% �-mercaptoethanol,
2% Triton X-100, 2% Bio-Lyte 3/10), releasing the protein from protein A-aga-
rose. The samples were applied to isoelectrofocusing tubes containing the first-
dimension gel (9 M urea, 4.5% acrylamide-bisacrylamide [28:2], 4 to 5% Bio-
Lyte 3/10 and 0.7 to 1% Bio-Lyte 4/6 [Bio-Rad], 0.6 mM N-lauroylsarcosine, 5%
Nonidet P-40, 0.1% N,N,N�,N�-tetramethyl-ethylenediamine, 0.02% ammonium
persulfate) and exposed to the electric field (200 V for 2 h, 500 V for 2 h, and
finally 800 V for 16 h in 14-cm-long tubes) with 20 mM NaOH as the cathode and
10 mM H3PO4 as the anode running. The gels were carefully pressed out,
balanced in transfer buffer (3% SDS, 20 �M bromophenol blue, 70 mM Tris-HCl
[pH 8.8]), subjected to electrophoresis on SDS-containing 6% polyacrylamide,
and analyzed by Western blotting.

Electron microscopy. The subconfluent monolayers of HeLa-3E cells growing
on coverlsips were fixed with 2.5% glutaraldehyde (Sigma) in 0.1 M phosphate
buffer (pH 7.4), postfixed with 1% OsO4 (Sigma), dehydrated in 70% ethanol
containing 2% uranyl acetate and acetone to permeabilize cells, and embedded
in Epon 812 (Fluka). To obtain preparations of permeabilized cells, the cover-
slips were treated with 1% Triton X-100 in “condensing” buffer (50 mM trieth-
anolamine, 3 mM MgCl2) for 1 min at 4°C and fixed with 1% glutaraldehyde in
the same buffer (23). Ultrathin sections were prepared with an LKB Ultratome-
III, stained with lead citrate, and examined with an HU-12 electron microscope
(Hitachi).

Image editing. The color images obtained by microscopy were transformed
into grayscale mode by using Adobe Photoshop 7.0. Developed films (for West-
ern and autoradiography assays) were scanned and processed with the same
program. When appropriate (e.g., see the upper-row panels of Fig. 5,as well as

Fig. 6A and 8B), the brightness and contrast of the grayscale pictures were
equally optimized (i.e., to make visible details presented in the color images) by
using the “Levels” tool of Adobe Photoshop 7.0.

RESULTS

Nup62 and Nup153 remained associated with the NPC in
cardiovirus-infected cells. The increase in nuclear envelope
permeability in cardiovirus-infected cells was ascribed to
changes in the NPC, the sole gates to and out of the nucleus
(25). However, in contrast to infections with poliovirus, cox-
sackievirus B3, and rhinovirus (17, 18, 25), no degradation of
Nup62 and Nup153 could be observed in cardiovirus-infected
cells (25).

To gain more detailed information about the fate of these
Nups, their localization in mengovirus-infected HeLa-3E cells
(i.e., expressing a high-molecular-mass NLS-containing fluo-
rescent marker protein) was investigated by means of immu-
nofluorescence. Staining of these cells with antibodies against
Nup62, Nup153, and FG-repeat motifs revealed that they
mainly remained associated with the nuclear envelope even at
late (6 h) stages of the cardiovirus infection (Fig. 1B), when
cytoplasmic exit of the nuclear marker protein did occur in the
majority of the cells (Fig. 1A). In the poliovirus-infected cells,
in contrast, the antigens recognized by the anti-Nup153 and
anti-FG antibodies were to a significant extent detached from
the nuclear rim already at 4 h p.i. (Fig. 1B), most probably as
a result of their proteolytic cleavage (17). Positive signals (al-
though apparently somewhat weaker) in the nuclear rim region
were observed, however, in poliovirus-infected cells stained
with anti-Nup62 antibodies, suggesting that an antibody-rec-
ognized cleavage product of this Nup remained, at least partly,
associated with the nuclear envelope.

In sum, no significant differences in the distribution of
Nup62 and Nup153 could be revealed between uninfected and
cardiovirus-infected cells at the time when the permeability of
the nuclear envelope had already enhanced, whereas poliovi-
rus infection was accompanied with a significant loss of these
Nups from the nuclear envelope.

Electron microscopic comparison of NPC in mengovirus-
and poliovirus-infected cells. Previously, we demonstrated
preservation of the integrity of Nup62 and Nup153 upon car-
diovirus infections (25). As shown above, these Nups were
retained in the nuclear envelope under these conditions. These
facts appeared to be in some conflict with our previous elec-
tron microscopic observations, demonstrating that, while the
pore complexes did not seem to be significantly destroyed,
their central channels (presumably containing Nup62) ap-
peared to be more electron transparent in cardiovirus-infected
cells than in uninfected ones (25).

To resolve this discrepancy and to characterize further the
events occurring in the nuclear envelope of cardiovirus-in-
fected cells, we performed additional electron microscopic
studies. A comparison of the NPC in cardiovirus- and poliovi-
rus-infected cells by using direct in situ fixation, i.e., the ap-
proach similar to that exploited in previous studies (6, 25),
confirmed the already described features of the nuclear enve-
lope in cells infected with both viruses: disruption of the bar-
like structures in many central channels seen in cross-sections
(Fig. 2A). However, in tangential sections, these channels
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looked somewhat different in cells infected with mengovirus
and poliovirus. While in the former case, the channels looked
nearly empty (as reported previously [6]), irregular granules,
possibly reflecting products of proteolytic destruction of Nups,
could be discerned within some channels in the poliovirus-
infected cells (Fig. 2A).

Another approach consisted of electron microscopic inves-
tigation of virus-infected cells after destruction of their mem-
branes with Triton X-100. In this case, the integrity of the NPC
should not be stabilized by their anchoring to the nuclear
membrane and was expected to depend only on internucleo-
porin interactions, as well as on the binding of Nups to nuclear
lamina and chromatin (54). It should be noted that a relatively
high concentration of Mg2� (3 mM) in the permeabilization
buffer was used in these experiments to preserve the nuclei

(47). The results of such an approach shown in Fig. 2B were
strikingly different from those depicted in Fig. 2A. In poliovi-
rus-infected cells, the NPC appeared to be significantly de-
stroyed in cross-sections and were highly translucent in tan-
gential sections, pointing out to the weakening of inter-NPC
and/or NPC-lamina interactions. On the other hand, the pores
in cardiovirus-infected cells looked very similar to those in
control preparations, displaying some disorganization (al-
though much less prominent than in poliovirus-infected cells)
visible only in cross-sections.

Thus, the results of electron microscopy strongly suggested
that alterations of the NPC structure caused by cardiovirus and
poliovirus infections were clearly different. Although interpre-
tation of this difference was not straightforward, the observa-
tions were consistent with the assumption that structural

FIG. 1. Localization of Nups in cells infected with mengovirus and poliovirus. HeLa-3E cells were infected with the viruses with an input MOI
of �100 PFU/cell and fixed at indicated times. (A) Exit of the nuclear marker protein into the cytoplasm. (B) Detection of FG-repeat-containing
proteins, Nup153, and Nup62 by immunostaining. Images in a given row were made with equal expositions.
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changes in the nuclear pores in cardiovirus-infected cells were
not accompanied by a significant impairment of inter-NPC and
NPC-lamina bonds.

Nup62 is phosphorylated in mengovirus infection. Taking
into account that alterations of the nucleocytoplasmic traffic
upon cardiovirus infection could be prevented by treatment
with a broad-spectrum protein kinase inhibitor staurosporin

(25), we decided to test the hypothesis that these alterations
were caused by changes in the phosphorylation status of Nups.
As a first step, we made use of WGA-tagged beads known to
adsorb several Nups, in particular Nup62, as the only major
class of phosphoproteins that possesses WGA-binding glycosyl
residues (9, 29, 30, 34). Cardiovirus-infected cells were labeled
with inorganic [32P]phosphate, and electrophoretic analysis of

FIG. 2. Electron microscopy of nuclear pores in infected cells. HeLa-3E cells were infected with mengovirus and poliovirus and fixed at 4 h p.i.
The upper rows in panels A and B correspond to cross-sectioned nuclear envelopes, the middle rows are tangentially cut nuclear envelopes in
plane, and the lower rows represent the twofold-enlarged examples of NPC from the appropriate middle rows. Scales bars correspond to 200 nm.
The nuclear sides in cross-sections are marked as “nuc,” and the cytoplasmic ones are marked as “cyt.” Regions of NPC are marked with asterisks.
(A) In situ fixation. The bar-like structures visible in NPC cross-sections of healthy cells are absent from a number of pores after poliovirus and
mengovirus infections. In tangential section, control NPC display an electron-dense granule in the central channel, which is totally or partially lost
in infected cells. (B) Fixation after dissolution of membranes with Triton X-100. NPC attached to the lamina are visible in cross-sections of the
control envelope, and these complexes appeared to be only slightly disorganized in the mengovirus-infected sample. On the other hand, they are
significantly destroyed by poliovirus infection. In tangential sections, the pores in control and mengovirus-infected cells looked very similar,
whereas the NPC from poliovirus-infected cells displayed a much higher electron transparency and are less structured.
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WGA-binding membrane fraction from these revealed a gly-
coprotein of �70 kDa, presumably Nup62, with a significantly
increased level of phosphorylation compared to control cells
(Fig. 3A, arrow). Enhanced phosphorylation of Nup62 upon

cardiovirus infection was confirmed by immunoprecipitation
(Fig. 3B). A Western blot assay revealed that the Nup62 band
from unlabeled virus-infected cells was significantly more het-
erogeneous compared to that from uninfected cells and con-

FIG. 3. Nup62 is hyperphosphorylated in mengovirus-infected cells. (A) [32P]phosphate incorporation in WGA-binding proteins upon cardiovirus infection.
HeLa-3E cells were labeled with [32P]orthophosphate during the first 2 h of infection, lysed, and subfractionated into cytosolic (c) and membrane (m) fractions
as described in Materials and Methods. Nups were precipitated with WGA-beads and analyzed by PAGE and autoradiography. The first lane represents the
control probe incubated for 2 h in ice. The arrow points out to a �70-kDa band appearing in mengovirus-infected cells. (B) Immunoprecipitation of 32P-labeled
Nup62 from mengovirus-infected cells. Infected and mock-infected HeLa-3E cells were labeled with inorganic [32P]phosphate during the time periods indicated.
The cold probe was exposed to the label for 6 h in ice. The cells were lysed and Nup62 was immunoprecipitated and subjected to electrophoresis as described
in Materials and Methods (upper row). The amounts of Nup62 in the samples were controlled by Western blotting (lower row). (C) Modifications of Nup62
by different picornaviruses. HeLa-3E cells were infected with mengovirus or poliovirus for indicated times, and their extracts were investigated by PAGE,
followed by Western blotting with anti-Nup62 antibodies. The lower mobility component of Nup62 from mengovirus-infected cells are marked with arrows;
higher-mobility bands from poliovirus-infected cells corresponding to degradation products are marked with triangles. (D) The low-mobility forms of Nup62
disappeared from mengovirus-infected cell after alkaline phosphatase (upper row) and �-PPase (lower row) treatments. Lysates from mock- and mengovirus-
infected cells made at 4 h p.i. in the case of the former enzyme and immunoprecipitated preparations of Nup62 from such lysates in the case of the latter were
treated with the phosphatases for 30 min at 30°C and analyzed by Western blotting. (E) Detection of hyperphosphorylated forms of Nup62 in mengovirus-
infected cells. Cell lysates were prepared as in panel C and were subjected to 2D electrophoresis followed by Western blotting. (F) The additional acidic spots
of Nup62 disappeared after treatment with �-PPase. Samples 1 to 4 from the lower row of panel D were subjected to 2D electrophoresis, followed by Western
blotting.
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tained some material with a lower electrophoretic mobility
(Fig. 3C, arrows). This material was clearly detectable by 4 h
p.i., and its amount increased during the next 2 h of infection.
Such a material was absent from the sample from poliovirus-
infected cells, which instead contained, in line with the pub-
lished data (17, 37), a low-molecular-mass component, most
likely a product of proteolytic degradation of Nup62 (arrow-
heads). The low-mobility form of Nup62 disappeared nearly
completely from the cardiovirus-infected sample after the
treatments with alkaline phosphatase (Fig. 3D, upper panel) or
�-PPase (Fig. 3D, lower panel), suggesting that the electro-
phoretic mobility-changing modification could be phosphory-
lation. Finally, the existence of differently phosphorylated
forms of Nup62 in cardiovirus-infected cells was demonstrated
by 2D electrophoresis, followed by Western blot analysis. As
shown in Fig. 3E and F, this Nup existed in infected cells in
multiple forms (varying in different experiments from four to
eight forms), whereas only two such forms, a major and a
minor form, could usually be discerned in uninfected samples.
The additional spots disappeared after treatment with �-PPase
(Fig. 3F). It may be noted that a more acidic minor species of
Nup62 in the mock-infected samples (and a similar form in the
virus-infected samples) exhibited partial sensitivity to the
�-PPase treatment (Fig. 3F), suggesting that it might also cor-
respond to a phosphorylated form of Nup62, but its actual
nature was not further investigated here. We conclude that
cardiovirus infection was accompanied by hyperphosphor-
ylation of Nup62.

Mutations of mengovirus L protein similarly affect perme-
abilization of the nuclear envelope and hyperphosphorylation
of Nup62. Mengovirus L mutants with either a disrupted Zn-
finger motif (C19A/C22A) or a disrupted phosphorylation site
(T47A) were previously shown to be unable to trigger nuclear
efflux of an NLS containing marker protein or did so with a
considerable delay, respectively (25). The capacity of these
mutants to elicit hyperphosphorylation of Nup62, as judged by
the appearance of material with a lower electrophoretic mo-
bility, was changed very similarly: the former mutant did not
demonstrate this capacity, whereas the latter enhanced Nup62
phosphorylation to a significantly lesser extent and only at a
late step of infection (i.e., 6 h) (Fig. 4A). On the other hand,
infection with the L mutant harboring a substitution mimicking
L phosphorylation (T47E) and known to retain the full capac-
ity to permeabilize the nuclear envelope (25), resulted in effi-
cient and fast hyperphosphorylation of Nup62. It could be
argued that the deficiency of the Zn finger and T47A mutants
to induce Nup62 phosphorylation could be explained just by
their less efficient multiplication. To eliminate this possibility,
an input MOI of �100 PFU/cell was used for these mutants
compared to �20 PFU/cell for the wild-type and T47E viruses.
Under such conditions, the yield of the former mutants at 6 h
p.i. was significantly higher than that of the latter viruses at 4 h
p.i (Fig. 4B), a time when the enhanced Nup62 phosphoryla-
tion was already clearly visible in the cells infected with wild-
type and T47E viruses. These data suggested that a less effi-
cient growth of the two mutants was hardly directly responsible
for their failure to trigger hyperphosphorylation of Nup62.
Thus, mengovirus mutants impaired in their ability to disrupt
the nucleocytoplasmic barrier were also inefficient in enhanc-
ing phosphorylation of Nup62.

Protein kinase inhibitors suppress mengovirus-induced
leakiness of the nuclear envelope. Previously, we have reported
that protein kinase inhibitor staurosporin prevented leakiness
of the nuclear envelope of digitonin-permeabilized uninfected
HeLa-3E cells caused by extracts from mengovirus-infected
cells, while a tyrosine kinase inhibitor genistein and casein
kinase inhibitor 5,6-dichlorobenzimidazole riboside failed to
do so (25). By using the same assay, we now showed that exit
from the nucleus of an NLS-containing protein marker was
also prevented by two drugs known to inhibit cyclin-dependent
protein kinases: roscovitine (100 �M) and olomoucine (1 mM)
(Fig. 5). A derivative of the latter, iso-olomoucine, which does
not exhibit protein kinase inhibitor activity (52), was also in-
active in preventing permeabilization of the nuclear envelope.

When tested in vivo in the cardiovirus-infected cells, rosco-
vitine and olomoucine at the same concentrations failed to
prevent the efflux of nuclear marker (not shown), apparently
because of the inability of the drugs to accumulate within the
cells at sufficiently high concentrations.

Individually expressed mengovirus leader protein induces
leakiness of the nuclear envelope. Although the results re-
ported here and previously (25) strongly suggested that in-

FIG. 4. Effect of L protein mutations on Nup62 phosphorylation.
(A) HeLa-3E cells were infected with wild-type (wt) and T47E men-
goviruses at an MOI of �20 PFU/cell and with the C19A/C22A (Zn)
and T47A mutants at an MOI of �100 PFU/cell to compensate for
their relative replicative deficiencies. After incubation, the cells were
observed under epifluorescence microscope (results not shown) and
harvested for Western blotting and titration. (B) Growth curves of
mengovirus mutants at the MOIs indicated above.
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creased permeability of NPC in cardiovirus-infected cells was
related to activity of the viral L protein, we decided to test this
notion directly. The wild-type and C19A/C22A leader proteins
were subcloned into an expressing vector with RFP fused to
their C termini. In the mutant-transfected HeLa-3E cells that
displayed some red fluorescence, no redistribution of the nu-
clear protein marker into the cytoplasm could be observed
(Fig. 6). On the other hand, a significant proportion of the
wild-type L-transfected cells exhibited enhanced permeability
of the nuclear envelope but demonstrated only a very faint, if
any, signal corresponding to RFP, possibly due to the instabil-
ity and/or toxicity of the peptide. The difference in the ability
of wild-type and mutant L to enhance permeability of the
nuclear envelope is fully retained in the presence of a broad-
spectrum caspase inhibitor zVAD(OMe).fmk (100 �M) (Fig.
6B), suggesting that this phenomenon is not coupled to apop-
tosis. These results demonstrated that the cardiovirus L pro-
tein alone was sufficient to trigger the cascade of host reac-
tions, leading to the increased permeability of the nuclear
envelope.

Comparison of nuclear envelope leakiness elicited by car-
diovirus infection and occurring at early prophase. Since car-
dioviruses do not encode any protein kinases, phosphorylation
of Nups observed during the viral infection should be accom-
plished by some host enzymatic system. It is known that disas-
sembly of the nuclear pores and nuclear membrane takes place
during mitosis. Phosphorylation of Nups is known to be in-
volved in these alterations (13, 30, 34), allowing us to hypoth-
esize that cardioviruses may hijack certain host mechanisms to
enhance the leakiness of NPC in the infected cells. However, as
shown above, mengovirus infection was not accompanied by a
complete disassembly of the NPC. Therefore, we decided to
test whether there was a step during early prophase of unin-
fected HeLa cells (i.e., before the complete dissolution of the
nuclear envelope), mimicking the pattern observed during
mengovirus infection, that is, Nup phosphorylation and reten-
tion in the nuclear envelope, accompanied by enhanced per-
meabilization of NPC.

To this end, HeLa-3E cells were stained for Nups, and the
mitotic cycle stage of individual cells was determined by the

FIG. 5. Mengovirus-induced permeabilization of the nuclear envelope is sensitive to protein kinase inhibitors. Permeabilized uninfected
HeLa-3E cells were incubated with the lysates from mengovirus-infected (4 h p.i.) and mock-infected HeLa cells for 1 h at 37°C in the
absence or presence of the indicated concentrations of a broad-spectrum protein kinase inhibitor staurosporin and two inhibitors of
cycle-dependent kinases, roscovitine and olomoucine. An inactive analog of the latter drug, iso-olomoucine, was used as a control.

FIG. 6. Individually expressed leader protein affects nucleocyto-
plasmic traffic. HeLa-3E cells were transfected with the plasmids
encoding leader proteins fused to RFP. (A) Efflux of the nuclear
protein marker (3�EGFP-NLS) into the cytoplasm is visible in a
proportion of cells transfected with the plasmid encoding wild-type
(wt) L protein but not with the one encoding inactive C19A/C22A
(Zn) mutant. Cells were stained with Hoechst 33342 DNA stain and
captured 24 h posttransfection. (B) Percentage of the cells trans-
fected with wild-type (wt) and mutant L-expressing plasmids, dem-
onstrating 3�EGFP-NLS fluorescence in the cytoplasm. The trans-
fected cells were incubated in the presence of 100 �M
zVAD(OMe).fmk to prevent apoptosis, which could complicate in-
terpretation of the results.
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pattern of chromatin condensation with the use of Hoechst
33342 stain as described previously (23). As shown in Fig. 7,
FG-motif-containing Nups, i.e., Nup62 and Nup153, were
largely retained in the nuclear rim in a proportion of the
prophase HeLa-3E cells exhibiting exit of the nuclear marker
into the cytoplasm. On the other hand, cells entering the sub-
sequent steps of mitosis, prometaphase and metaphase, dem-
onstrated partial and complete redistribution of the Nups
throughout the whole cytoplasm.

Since the proportion of prophase cells in a nonsynchronized
population was relatively small, synchronization by means of
double thymidine block was undertaken. At 12.5 h after re-
moval of the drug, when the preparations were markedly en-
riched with mitotic cells, the proportion of cells retaining Nups
in the nuclear envelope and displaying nuclear marker in the
cytoplasm was markedly increased and corresponded to 34%
of all prophase cells (data not shown). Thus, an increase in the
permeability of the nuclear envelope might occur in prophase
HeLa cells without a significant structural rearrangement of
NPC, just as appeared to be the case in mengovirus-infected
cells.

The status of phosphorylation of Nup62 in mitotic HeLa-E3
cells was also investigated. Monolayers of HeLa-3E cells were
synchronized with a 16-h thymidine block, and mitotic en-
riched fractions were harvested 11 to 12 h thereafter by gentle
shaking and subsequent centrifugation. The collected pools
consisted predominantly of mitotic and early postmitotic cells,
as judged by DNA staining followed by fluorescence and
phase-contrast microscopy. Western blot assay with an anti-
body recognizing the phosphorylated Ser10 of histone H3, a
specific mitotic marker (42), confirmed preponderance of mi-
totic cells in this fraction (Fig. 8A). The overwhelming majority
of these cells demonstrated efflux of 3�EGFP-NLS into the
cytoplasm (data not shown). When the cells of this fraction
were subjected to 2D electrophoresis followed by Western
blotting, additional spots of phosphorylated Nup62 could re-
producibly be revealed compared to the interphase cells (Fig.
8B), although the level of phosphorylation of this protein (the

number of distinct spots) was not as strong as in the mengo-
virus-infected cells (cf. Fig. 8B and 3D).

Thus, permeabilization of the nuclear envelope in prophase
HeLa cells appeared to be accompanied with a certain level of
phosphorylation of Nup62 prior to complete dissolution of the
NPC. This pattern resembled that observed upon cardiovirus

FIG. 7. Localization of Nups and efflux of the nuclear protein marker into cytoplasm in prophase and metaphase cells. Uninfected HeLa-3E
cells at different stages of mitosis, as judged by DNA staining, were analyzed with respect to localization of Nups and distribution of the fluorescent
marker. Prophase cells displaying 3�EGFP-NLS in cytoplasm possessed Nups mainly associated with the nuclear envelope.

FIG. 8. Nup62 is phosphorylated in mitotic HeLa cells. (A) Control
for synchronization. Samples of interphase (I) and mitotic (M) cells
(see Materials and Methods) were analyzed by Western blotting for
Nup62 and Ser-10 phosphorylated H3 histone (p-H3). (B) The same
preparations were analyzed by 2D electrophoresis, followed by West-
ern blotting for Nup62. Acidic spots are visible in the preparations of
mitotic cells, but those of interphase cells are marked by arrows.
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infection, although it remained an open question as to whether
both conditions had the same, or similar, underlying mecha-
nisms. This point will be discussed below in greater detail.

DISCUSSION

Integrity and retention of Nup62 and Nup153 in the nuclear
pores. It has been already demonstrated that cardiovirus-elic-
ited permeabilization of the nuclear envelope (10, 25) differed
from a similar phenomenon observed in cells infected with
enteroviruses and rhinoviruses with respect to the key viral
proteins involved: 2A protease in the latter case and nonenzy-
matic leader (L) protein in the former (5, 6, 17, 18, 37). In the
present study, we attempted to identify L-triggered cellular
changes accompanying the nucleocytoplasmic transport disor-
der. We focused on the fate and status of Nups, in particular
Nup62 and Nup153, because, on the one hand, the former is
known to be a component of the complex intimately involved
in the control of selective permeability of the nuclear pore (33,
45) and, on the other, both of these Nups are targets of 2Apro

during enterovirus and rhinovirus infections (17, 18).
An important finding was the apparent retention of Nup62

and Nup153 in the nuclear envelope, as revealed by immuno-
fluorescence staining of the mengovirus-infected cells that ex-
hibited relocation of a nuclear marker protein into the cyto-
plasm (Fig. 1). Because this observation appeared to somewhat
contradict the results of our previous electron microscopy of
the virus-infected cells showing relative translucence of the
central channel in tangential sections (25), additional electron
microscopic studies were performed, which appeared to re-
solve the contradiction, at least partially. When a different
methodological approach was used, the central channel of
mengovirus-infected cells looked quite similar to that of unin-
fected cells. Although the exact reason for the discordant re-
sults obtained by the two methods is yet to be determined, we
believe that the lack of gross alterations in the central channel
revealed by one of them may be interpreted as evidence for the
preservation of the general architecture of the nuclear pore in
mengovirus-infected cells. Taking into account the results of
detection of Nup by immunofluorescence, we suggest that
changes in the electron transparency of the central channel in
mengovirus-infected cells observed upon in situ fixation were
due largely to alterations in the conformation of the Nup
complexes or individual Nups rather than to their loss. As far
as the irregular granules visible in the central channels in
poliovirus-infected cells are concerned, we hypothesize that
they were caused, at least in part, by the retention, in nuclear
pores, of products of proteolytic degradation of some Nups.
The absence of such granules in the Triton X-100-treated sam-
ple may be explained by the loss of protein-lipid interactions
possibly involved in the retention of these degradation prod-
ucts.

Hyperphosphorylation of Nup62 in mengovirus-infected
cells as a possible mechanism of cardiovirus-induced perme-
abilization of the nuclear pores. The results discussed in the
preceding section suggested that the Nup62 complex, or at
least Nup62 itself, were retained in the NPC but underwent
some modification. This modification most likely involved hy-
perphosphorylation of Nup62 and possibly of other Nups. The
evidence for Nup62 hyperphosphorylation was obtained by

detection of Nup62 forms possessing different negative charges
and by direct demonstration of enhanced incorporation of
phosphate. We propose that this modification might be a key
factor in the permeabilization of the nuclear pores. This pro-
posal is supported by the capacity of protein kinase inhibitors
to suppress permeabilization of the nuclear envelope caused by
the addition of extracts from cardiovirus-infected cells to dig-
itonin-treated uninfected cells (25; the present study). A cor-
relation between the impaired capacities of L-deficient mu-
tants of mengovirus to enhance permeabilization of the
nuclear pores, on the one hand, and to elicit hyperphosphory-
lation of Nup62, on the other, could also support this notion.
Admittedly, the above mutants exhibited a somewhat de-
creased level of reproduction in HeLa cells compared to their
wild-type parent, but this defect was hardly directly responsible
for their failure to trigger Nup62 phosphorylation, as suggested
by the data presented in Fig. 4B. Furthermore, we made an
attempt to investigate whether a correlation between the efflux
of nuclear proteins into cytoplasm existed also in BHK-21 cells,
where reproduction of mengovirus was shown to be less de-
pendent on the functional integrity of L protein (25, 56). This
attempt met only with partial success. Although wild-type men-
govirus did induce permeabilization of the nuclear envelope in
these cells, it did so markedly less efficiently than in HeLa cells.
Accordingly, the phosphorylation of Nup62 in the mengovirus-
infected BHK-21 cells was barely, if at all, detectable (data not
shown). The very low level of Nup62 phosphorylation elicited
by wild-type virus did not allow us to reliably ascertain the
effect of mutations of leader protein on this process.

An important question concerns the nature of protein ki-
nase(s) executing Nup phosphorylation during cardiovirus in-
fection. The information on this point is thus far inadequate to
make any definite conclusions. We know only that three pro-
tein kinase inhibitors could suppress the virus-elicited perme-
abilization of the nuclear envelope. We cannot say, however,
that these inhibitors, or even at least one of them, suppressed
Nup62 phosphorylation directly. The signal transduction path-
way may well involve more than one phosphorylation events.
Also, it should be admitted that the concentrations at which
roscovitine and olomoucine did suppress efflux of the nuclear
marker protein caused by the virus-infected cell extract were
rather high.

It has been reported that Nup62 phosphorylation took place
in neurons stimulated by angiotensin II, that this reaction is
accomplished by MAP kinase, and that it resulted in enhanced
protein transport through nuclear pores (28). On the other
hand, Nup62 was demonstrated to be phosphorylated in vitro
by protein kinase A and glycogen synthase kinase 3a (34). It is
unclear, however, how these effects are related to the obser-
vations reported here.

Furthermore, the possibility that changes in the phosphory-
lation status of Nup62 depends on inactivation of a protein
phosphatase(s) rather than on activation of a protein kinase(s)
should not be neglected. Such enzymes are known to be im-
portant participants of diverse physiological pathways, includ-
ing those involved in disassembly and assembly of the nuclear
envelope (8, 36).

Variety of effects of picornaviruses on nucleocytoplasmic
traffic. Thus, representatives of several picornavirus genera
induce dramatic alterations in nucleocytoplasmic traffic, al-
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though fundamentally different mechanisms may be responsi-
ble for these alterations. A relatively widespread occurrence of
this phenomenon suggests that it may confer some selective
advantage to the viruses. One group of likely favorable (for the
virus) consequences of enhanced permeability of the nuclear
envelope may consist in facilitating utilization of nuclear pro-
teins for translation and replication of cytoplasmic viruses.
Numerous examples of such host nuclear “factors” involved in
viral reproduction are known (7, 20, 31, 32, 39, 49, 53). An-
other group of advantages viruses may get from the entry into
the nucleus of viral toxic products (e.g., proteases) able to
interfere at transcriptional and posttranscriptional levels with
the host innate immunity (3, 55). The exact contribution of the
permeabilization of the nuclear pores to efficient viral repro-
duction is yet to be elucidated. It would not be surprising, if
this contribution varies depending on the peculiarities of virus-
cell systems, as well as on physiological and environmental
factors.

In this regard it should be noted that not all of picornavi-
ruses appeared to be endowed with this specific anti-host
armament. For example, cells infected with the Zakarpatsky
strain of porcine teschovirus (kindly donated by V. V. Kurin-
nov, Russian National Research Institute for Veterinary Vi-
rology and Microbiology, Pokrov) or parechovirus Ljungan
virus (derived from an infectious cDNA clone kindly donated
by M. Lindberg, University of Kalmar, Kalmar, Sweden) did
not exhibit any marked alterations in the nucleocytoplasmic
transport, at least as judged by the efflux of a nuclear marker
protein (unpublished results). It is yet an open question
whether inactivity of teschoviruses in this respect is causally
related to the fact that IRES of these viruses was shown to
require a minimal number of protein cofactors for its function
(40).

The facts that the picornaviruses that are able to permeab-
ilize the nuclear envelope are achieving this “goal” by exploit-
ing different molecular mechanisms and that there exist picor-
naviruses devoid of this capacity deserves a special comment.
In our view, it strongly suggests that the relevant functions (and
consequently cardiovirus L and entero/rhinovirus 2Apro) were
acquired independently and perhaps relatively recently in the
course of picornaviral evolution, providing an illuminating ex-
ample of functional but not structural convergence.

Apparent similarity of permeabilization of nuclear envelope
during cardiovirus infection and early prophase. A novel pat-
tern of NPC rearrangement has been discovered in the present
study: while retaining Nups, the nuclear envelope becomes
permeable and may exist in this state for several hours. The key
trigger of this rearrangement appears to be the cardiovirus
leader protein. Since this protein is devoid of any known en-
zymatic activity, it is expected to work by exploiting (“hijack-
ing”) some cellular pathway. A likely candidate for such a
pathway is the one that leads to the NPC permeabilization
prior to its disassembly during mitosis (24). Taking into ac-
count this fact, we compared events occurring in mengovirus-
infected and mitotic cells. It turned out that under both of
these conditions, efflux of the nuclear marker protein into the
cytoplasm occurred prior to massive loss of Nups from the
NPC. Also, we could detect enhanced phosphorylation of
Nup62 during the prophase, although its level was not as high
as in the case of cardiovirus infection. This lower level could

either reflect real differences in the efficiency of the Nup phos-
phorylation under these two conditions or merely indicate that
mitotic phosphorylation of Nup62 is confined to a specific
relatively short-duration step of prophase and that cells at this
step are underrepresented in our sample of mitotic cells.

Importantly, our observations were in line with the pub-
lished data on Nup62 phosphorylation by mitotic oocytes of
Xenopus laevis (34). Moreover, the protein kinase inhibitor
roscovitine not only prevented permeabilization of the nuclear
envelope by extracts of virus-infected cells (see above) but also
suppressed mitotic disassembly of the NPC in Drosophila em-
bryos (36). However, as already mentioned, relatively high
concentrations of the inhibitors were required to exert their
effects in our system.

Although we focused on the phosphorylation of Nup62 in
the present study, other Nups may also undergo a similar
modification. It should be kept in mind that a growing list of
Nups harbor sites for mitotic kinases, including Nup96,
Nup107, Nup116, Nup133, Nup160, and Nup214 (16, 30).

A distinctive feature of permeabilization of the nuclear en-
velope without significant loss of Nups in mengovirus-infected
cells was its duration: the relevant situation might be main-
tained for several hours. In contrast, dissociation of Nups from
the NPC during mitosis is a very rapid process taking 8 to 10
min (12). It may be speculated that, if mengovirus infection
switches on the physiological program similar to that operating
during the mitotic disassembly on nuclear membranes, imple-
mentation of this program is somehow interrupted or sup-
pressed at an early step.

We believe that our data are consistent with the hypothesis
assuming involvement of mitotic machinery in the virus-in-
duced NPC rearrangements, but this hypothesis is awaiting
more direct confirmation. One could also not exclude that Nup
phosphorylation in cardiovirus-infected cells might represent
another, still unknown, process of nucleocytoplasmic transport
regulation in uninfected cells.
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