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Abstract

A number of positive and negative strand RNA viruses whose primary site of replication is the cytoplasm use the nucleus and/or
nuclear components in order to facilitate their replicative processes and alter host cell function. The nucleus itself is divided into a
number of different sub-domains including structures such as the nucleolus. Many of the nuclear proteins that localise to these
domains are involved in RNA processing, and because of their limited coding capacity, it may be necessary for RNA viruses to
sequester such cellular factors in order to facilitate the replication, transcription and translation of their genomes. Amongst the best-
studied examples of this are the picornaviruses, whose infection results in the redistribution of nuclear proteins to the cytoplasm and
their interaction with the internal ribosome entry site (IRES) to facilitate translation of the picornavirus polyprotein. Examples can
be found of other positive and also negative strand RNA virus proteins that localise to the nucleus and sub-domains (especially the
nucleolus) during virus infection, and several localisation motifs have been defined. Apart from sequestering nuclear proteins for a
role in replication, such viruses may also target the nucleus to disrupt nuclear functions and to inhibit antiviral responses.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The nucleus has traditionally been viewed as the
domain of retroviruses, many DNA viruses such as
herpesviruses and adenoviruses, and of some negative
strand RNA viruses, most notably the orthomyxo-
viruses and some mononegavirales such as Borna disease
virus and some insect rhabdoviruses (Whittaker et al.,
2000). Positive strand RNA viruses on the other hand,
because their input genome directs translation, are
thought to replicate exclusively in the cytoplasm. How-
ever, it has become increasingly apparent that many
positive and negative strand RNA viruses whose pri-
mary site of replication is the cytoplasm use the nucleus
and/or nuclear components in order to facilitate their
replicative processes.

The nucleus of a mammalian cell contains the genetic
information. The major nuclear functions reflect the
need to transfer appropriate parts of this information to
RNA (Jackson and Cook, 1995; Pombo et al., 2000),
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duplicate the information so that identical copies might
pass to daughter cells during cell proliferation (replica-
tion) and preserve the structure of the genetic material
(repair). DNA is present in the form of chromosomes
and these occupy discrete nuclear territories and pre-
ferred nuclear positions (Jackson and Cook, 1995; Fig.
1). However, the eukaryotic nucleus also contains a
number of other domains or sub-compartments, which
includes nucleoli (Lyon and Lamond, 2000), nuclear
Cajal bodies (Olson et al., 2002), nuclear speckles (Fox
et al., 2002), and transcription and replication foci
(Lamond and Earnshaw, 1998). Prior to consideration
of how viruses interact with the nucleus and sub-nuclear
domains, the current state of knowledge of these
structures will be outlined.

2. Sub-nuclear structures

The largest sub-nuclear structure, and perhaps the
most studied, is the nucleolus (Fig. 2a). This structure is
easily visible under the light microscope due to its high
refractive index. For a number of years the principal
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Fig. 1. In this confocal microscope section, transcription sites are shown green and nuclear speckles are shown red. Overlap between the two
compartments (yellow) shows that many transcription sites at the borders of nuclear speckles. The most intense transcription factories are in nucleoli
and are remote from speckles. Histone-tagged with green fluorescent protein shows the distribution of DNA. Image courtesy of Dean Jackson

(UMIST) and Francisco Iborra (University of Oxford).

function of the nucleolus was thought to be ribosomal
rRNA synthesis and ribosome biogenesis (Shaw and
Jordan, 1995). Recently, however, the nucleolus has
been implicated in many aspects of cell biology that
include functions such as gene silencing, senescence, and
cell cycle regulation (Carmo-Fonseca et al., 2000; Olson
et al., 2000; Pederson, 1998; Scheer and Hock, 1999).
Viral interactions with the nucleolus and its proteins
have been found for DNA, RNA and retroviruses
(Hiscox, 2002).

During interphase in higher eukaryotic cells the
number of nucleoli varies depending on the stage of
the cell cycle. The nucleolus disappears at the start of
mitosis (Dundr et al., 2000) and during G1-phase cells
can contain more than one nucleolus. This is probably
reflected by the fact that these cells are translationally
active, and therefore require increased ribosome pro-
duction. A proteomic analysis of HeLa cell nucleoli
concluded that they contain some 271 proteins (Ander-
sen et al., 2002), including nucleolin, fibrillarin, and B23.
Electron microscopy revealed that the nucleolus consists
of at least three different regions; fibrillar centres, a
dense fibrillar component and a granular component
(Scheer and Hock, 1999). These regions may have
different functions. For example, the peri-nucleolar

compartment has been implicated in RNA metabolism
(Huang et al., 1998).

Proteins are present in different domains of the
nucleolus. Electron microscopy and immunofloures-
cence analysis showed that B23 is predominantly located
in the granular region of the nucleolus, whereas
nucleolin is largely present in the fibrillar centre and
fibrillarin in the peri-nucleolar region. The concentra-
tion of nucleolar antigens, especially of B23 and
nucleolin, appears to be controlled by the cell and
depends on the physiological conditions. Nucleolin
represents as much as 10% of total nucleolar protein
and is highly phosphorylated, methylated, and can also
be ADP-ribosylated (Ginisty et al., 1999). One of the
main functions of nucleolin is processing the first
cleavage step of ribosomal RNA (Ginisty et al., 1998)
in the presence of U3 snoRNP (small nucleolar ribo-
nuclear particles). Other functions associated to be
dependent on nucleolin are regulation of rDNA tran-
scription, assembly of the nucleolus, as well as nucleo-
cytoplasmic shuttling of proteins (Ginisty et al., 1999).
During interphase and cytokinesis nucleolin is asso-
ciated with B23 (Sirri et al., 1997).

Fibrillarin is the most abundant protein of both the
dense fibrillar component and the fibrillar centre, but to
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Fig. 2. (a) Detection of a nucleolin-GFP fusion protein (green) by
indirect immunoflourescence and nuclear DNA (red) by direct
fluorescence using a confocal microscope. Rat cardiac myocytes were
transfected with a plasmid expressing a nucleolin-GFP fusion protein
under the control of a Polll promoter. Nuclear DNA and regions of
rRNA transcription (nucleoli) were visualised by staining cells with
propidium iodide. White arrows indicate nucleoli. (b) Detection of
Cajal bodies (green) by indirect immunoflourescence and nuclear DNA
(red) by direct fluorescence using a confocal microscope. Cajal bodies
were detected using a rabbit polyclonal anti p80 (coillin) antibody
(kindly provided by Professor Angus Lamond).

a lesser amount in the latter, but is absent from the
granular component. Fibrillarin has a highly conserved
structure of three domains, the central domain binding
RNA (Aris and Blobel, 1991). Fibrillarin is crucial for
nucleolar assembly at the end of telophase, the onset of

rDNA transcription, the processing of rRNA and the
splicing of snoRNA (Azum-Gelade et al., 1994; Fom-
proix et al., 1998). During mitosis, fibrillarin, as well as
nucleolin and upstream binding factor (UBF) remain in
pre-nucleolar bodies (PNB), which eventually localise to
the nucleolar organising regions (NOR) at the end of
mitosis.

Nucleolar proteins are also found in Cajal bodies,
which vary in size and number depending on the cell
type (Ogg and Lamond, 2002; Fig. 2b). They are
predominately located at the periphery of the nucleolus,
or even within the nucleolus itself (Platani et al., 2000),
and the protein coilin probably mediates this interac-
tion. The precise function of Cajal bodies has not been
elucidated although they have been shown to contain
factors required for transcription, splicing and ribosome
biogenesis (Platani et al., 2002), and it is not unreason-
able to hypothesise that Cajal bodies are involved in
these processes (Ogg and Lamond, 2002). Cajal bodies
have also been shown to sequester cell cycle regulatory
complexes such as the CDK-2 cyclin E complex (Liu et
al., 2000), and similar to the nucleolus, these structures
may also play a role in regulation of the cell cycle.

3. Nuclear import and export

Molecules can enter the nucleus by passive diffusion
or active transport mechanisms, depending on their size
(Macara, 2001). Small molecules up to size of 50-60
kDa or less than 10 nm in diameter can diffuse passively
through the nuclear pore complex (NPC), but most
proteins are transported by energy driven transport
mechanisms (Richardson et al., 1988).

Active transport of proteins is mediated by nuclear
localisation signals (NLS). These signals are recognised
by proteins of the importin super-family (importin o and
B) that mediate the transport across the nuclear envelope
using RanGTP (Macara, 2001).

NLSs were first identified in Simian Virus 40 large T
antigen and from nucleoplasmin, and have subsequently
been identified in a large number of proteins. Usually
they contain short stretches of lysine or arginine
residues, either as mono or bipartite signals. NLSs
include the ‘pat4’ motif, which consists of a continuous
stretch of four basic amino acids (arginine and lysine).
The ‘pat7’ motif, which starts with a proline and is
followed within three residues by a segment containing
three basic residues out of four (Garcia-Bustos et al.,
1991), or bipartite signals (Robbins et al., 1991).
Localisation of a protein to sub-nuclear structures like
the nucleolus is probably a result of targeting to the
nucleus via NLSs followed by an interaction between
the target molecules (via a nucleolar localisation sig-
nal—that is in part an NLS) and components that make
up the nucleolus (Carmo-Fonseca et al., 2000; Shaw and
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Jordan, 1995). Whether proteins localise to the nucleo-
lus or are retained there is uncertain. Certainly, general
RNA binding proteins that are free to diffuse through
the NPC might be predicted to localise to the nucleolus,
where rRNA is being transcribed. In this case, such a
protein would localise to the nucleoplasm and become
concentrated in the nucleolus.

Polypeptides that contain NLSs are recognised and
form complexes with importin o family in the peri-
nuclear region. These complexes then associate with
members of the importin B family, which localise the
substrate to the central region of the NPC, where it
passes through a gated channel. Once in the nucleo-
plasm, the complex disassembles and both importin o
and -p are exported into the cytoplasm.

Exportins, as their name suggests, are molecules that
facilitate transport of proteins/RNAs etc. out of the
nucleus. Similar to NLSs, nuclear export signals (NESs)
have been defined. One of the characteristic prototype
signals is LxxLxxLxL, but other hydrophobic residues
can substitute for several of the leucine residues;
however, prolines situated between the hydrophobic
residues can disrupt function (Bogerd et al., 1996).
Many other NESs exist but do not conform to this
particular motif (Macara, 2001). Leucine rich NESs are
recognised by exportin CRM1/Xpol. The study of
Crm1 mediated pathways has benefited from the isola-
tion of leptomycin B, an anti-fungal agent that specifi-
cally inhibits Crml function. In general Crml can
export a wide variety of cargos, most of which contain
an NES (Fornerod et al., 1997).

4. Localisation of viral proteins to the nucleus and
nucleolus

In order to disrupt or usurp nuclear functions, RNA
virus polypeptides can access the nucleus by appropriate
pathways. Viral NLSs/NuLS can be identified by either
sequence comparison to known sequences, or experi-
mentally, where candidate motifs have been used to
target fusion proteins (such as green fluorescent protein)
to the nucleus or nucleolus (Fig. 3). One of the first
descriptions of the nuclear localisation of a positive
strand RNA virus protein was in the alphavirus, Semliki
Forest virus (SFV). In this case both the SFV capsid (C)
protein (Jakob, 1994, 1995; Michel et al., 1990) and nsP2
(Peranen et al., 1990) were observed to localise to the
nucleus and/or nucleolus and found to contain NLSs
that resembled cellular motifs. Indeed C protein was
shown to contain two nucleolar targeting signals in the
N-terminal region (Favre et al., 1994). The functional
relevance of why these proteins would localise to the
nucleus or nucleolus, and how this relates to their
function in virus replication are both unknown. Non-
structural protein nsP2 is involved in the regulation of

minus strand RNA synthesis (Sawicki and Sawicki,
1993; Suopanki et al., 1998) and C protein is involved

Fig. 3. Comparison of the intercellular localisation of the avian
coronavirus infectious bronchitis virus nucleoprotein (N protein) that
localises both to the cytoplasm and nucleolus (a) and a mutant protein
that lacks a nucleolar localisation signal (b), which had been identified
by sequence comparison to known nucleolar localisation signals
(NuLS) (Hiscox et al., 2001). Vero cells were transfected with either
a plasmid, pTriEXIBVN that expressed a wild-type N protein fused to
a C-terminal his-tag (Wurm et al, 2001) (a) or a plasmid,
pTriEXIBVNA;45 375, in which the putative NuLS was deleted by
overlapping PCR, no nucleolar localisation is observed (b). IBV N
protein (red) and the his-tag (green) were detected by appropriate
antibodies. Co-localisation, where it occurs, is yellow. Examples of
cells in which N protein has localised to the nucleolus are arrowed.
Magnification x 160.
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in nucleocapsid assembly and viral RNA binding (Owen
and Kuhn, 1996; Weiss et al., 1989). However, C protein
also associates with ribosomes to promote disassembly
and assembly of the virus particle (Ulmanen et al., 1976;
Wengler and Wengler, 1984). A conserved ribosome
binding site (RBS) was identified in the C protein of
alphaviruses (Wengler et al., 1992). C protein with a Mr
of 33000 may be expected to diffuse the NPC and
localise to the nucleolus. However, Michel et al. (1990)
showed that C protein accumulation in the nucleus was
energy dependent, thus suggesting that transport across
the NPC was active. C protein may localise preferen-
tially to nucleoli via an interaction between the RBS and
newly synthesised rRNA or ribosomal subunits.
Although a recombinant SFV whose nsP2 contained
altered NLS was reported to have identical properties to
wild type virus (Rikkonen et al., 1994), recently Faza-
kerley et al. (2002) have reported that this change affects
neurovirulence of SFV, and they speculated that this
could be due to changes in processes involving RNA
replication and/or the nuclear transport of nsP2.

Both the coronaviruses and arteriviruses show similar
genome organisation (de Vries et al., 1997) and belong
to the Nidovirales (Cavanagh, 1997). Although both
families encode nucleoproteins (N proteins) whose
principal function is to bind viral RNA, the proteins
themselves are of a different size and have no discern-
able homology. However, in the case of several corona-
viruses (Hiscox et al., 2001; Ning et al., 2003; Wurm et
al., 2001) and arteriviruses (Rowland et al., 1999; Tijms
et al., 2002), both N proteins localise to not only the
cytoplasm, but also to the nucleolus in infected cells and
cells expressing the N proteins alone.

The precise mechanism by which the coronavirus N
protein localises to the nucleolus is unknown. However,
similar to studies with the arterivirus porcine reproduc-
tive and respiratory syndrome virus N protein (Rowland
et al., 1999), a GFP-tagged avian coronavirus N protein
could localise to the nucleolus (Hiscox et al., 2001), and
because the fusion protein was above the size exclusion
limit of the NPC, indicated that N protein was actively
transported into the nucleus. Rather than using nuclear
import pathways directly, such proteins may ‘piggyback’
into the nucleus on other factors. For example, the
coronavirus N protein has been shown colocalise with
nucleolin in the nucleolus (Wurm et al., 2001), and bind
to nucleolin via a protein:protein interaction (Chen et
al., 2002), and thus may localise to the nucleolus because
of its association with nucleolin.

Positive strand RNA virus proteins that localise to the
nucleus would appear to have similar functions, i.e.
binding to viral RNA (Table 1). One might predict that
these proteins would localise to the nucleus if they are
below the size exclusion limit of the NPC because they
are arginine and lysine rich, and therefore, might
associate with high concentrations of RNA, i.e. rRNA

in the nucleolus, and therefore, this localisation plays no
real part of the virus life cycle. However, there are
several recent pieces of evidence to argue against this.
First as discussed, some of these viral RNA binding
proteins are actively transported into the nucleus.
Second, and perhaps one of the key clues to a functional
role of nuclear localisation, has been described by Tijms
et al. (2002), who, using leptomycin B, demonstrated
that the arterivirus N protein used the CRM-1 nuclear
export pathway in order to shuttle from the nucleus to
the cytoplasm, and that nuclear localisation of the
protein was crucial for its function in virus assembly.

In the case of the mononegavirales, several of these
viruses have proteins that localise to the nucleus or its
periphery, and include viruses from the Paramyxovir-
idae and Rhabdoviridae (Table 1). For the paramyx-
oviruses examples include viral proteins from the genus
Rubulavirus; human parainfluenza virus type 2, and
Newcastle disease virus (NDV), and genus Morbilli-
virus; measles virus and canine distemper virus (CDV).
Human parainfluenza virus type 2 V protein contains a
NLS and localises to the nucleus (Watanabe et al., 1996)
(but is also present in the cytoplasm (Nishio et al.,
1999)). NDV M protein localises to the nucleus early in
infection and becomes associated with nucleoli and
remains in this structure throughout infection (Peeples
et al., 1992). Studies with M protein of measles virus
indicated that this protein controlled the accumulation
of nucleocapsids in the cytoplasm and nucleus (Patter-
son et al., 2001). CDV nucleocapsid protein localises to
the nucleus with the signals for this contained with the
N-terminal region (Yoshida et al., 1999).

The Rhabdovirus vesicular stomatitis virus (VSV)
matrix (M) protein associates with the nuclear rim of the
NPC and inhibits nucleoporin 98 (Nup98) dependent
nuclear transport (Enninga et al., 2002). Indeed VSV M
protein, although smaller than the size exclusion limits
for transit through the NPC, is actively imported into
the nucleus and was shown to contain two separate
NLSs (Glodowski et al., 2002). Surprisingly, VSV G
protein localises to the nucleus, and Da Poian et al.
(1996) attributed this to the fact that uncoating of the
viral RNA may occur in close proximity to the nuclear
membrane.

5. The redistribution of nuclear proteins and their
association with virus during infection

Although cytoplasmic RNA viruses confine their
principal replicative functions to membrane bound
structures in the cytoplasm (Gosert et al., 2002; Kujala
et al., 2001; Lyle et al., 2002), many of these viruses may
use proteins associated with nuclear functions in order
to facilitate replication or sequester such factors to
disrupt nuclear functions. One mechanism by which
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Table 1
Examples of nuclear involvement of cytoplasmic RNA virus proteins

Virus Viral protein  Viral associated function

Nuclear effect Reference (nuclear effect)

Nidovirales
Coronaviruses
(IBV, MHV and
TGEV)

host cell interactions
Arteriviruses
PRRSV
Equine arteritis

Nucleocapsid Binds to viral RNA to form part of virus core Localises to the nucleolus
Nucleocapsid Binds to viral RNA to form part of virus core, Localises to the nucleus

Binds to viral RNA to form ribonucleocapsid Localises to the nucleus and

Nucleoprotein Binds to viral RNA to form part of virus core, Localises to nucleolus, associates (Chen et al., 2002; Hiscox
possible other roles in virus replication and

with nucleolin and redistributes et al., 2001; Wurm et al.,
fibrillarin 2001)

(Rowland et al., 1999)
(Tijms et al., 2002)

Localises to the nucleus

(Wang et al., 2002)
nucleolus

Redistributes nucleolin
Affects p21 expression

(Hirano et al., 2003)
(Yamanaka et al., 2002)

(Jakob, 1994; Michel et
al., 1990)
(Peranen et al., 1990)

virus has to shuttle to the nucleus and back out to
the cytoplasm
Nspl Transcription of subgenomic mRNAs
Flavivirdae
Flavivirus
Dengue virus Core
Hepacivirus
Hepatitis C virus NS5B RNA dependent RNA polymerase
Core Binds to viral RNA
Togaviridae
Alphavirus
Semliki Forest Capsid Nucleocapsid assembly and viral RNA binding Localises to the nucleolus
Virus
nsP2 Regulation of minus strand RNA synthesis and Transported to the nucleus
involved in neuro-virulence
Mononegavirales

Paramyxoviridae
Human parain-
fluenza virus type 2
NDV M protein

V protein

Measles virus M protein Controlled the accumulation of nucleocapsids Localises to the nucleus
in the cytoplasm and nucleus

Rhabdoviridae

VSV Matrix Blocks STAT activation

Causes rapid degradation of STAT2 protein

Localises to the nucleus (Watanabe et al., 1996)

Localises to the nucleolus (Peeples et al., 1992)

(Patterson et al., 2001)

Inhibits Nup98 dependent nu-
clear transport

(Enninga et al., 2002;
Glodowski et al., 2002)

viruses can achieve this is by disruption of nucleo-
cytoplasmic trafficking, which may redistribute proteins
that would other localise in the nucleus to the cyto-
plasm. Several picornaviruses and also VSV have been
shown to alter nucleo-cytoplasmic trafficking (Belov et
al., 2000).

Poliovirus infection results in the re-localisation of
certain nuclear proteins by blocking nuclear import
pathways, concomitant with the degradation of specific
proteins of the NPC (Gustin and Sarnow, 2001). This
has also been seen in rhinovirus-infected cells in which
proteins involved in nuclear shuttling accumulate at the
cytoplasmic side of the NPC. The observation was
attributed to the degradation of nucleoporins Nupl53
and p62 (Gustin and Sarnow, 2002). The M protein of
VSV and related viruses associates with the nuclear rim
of the NPC and inhibits nuclear import and exit
(Enninga et al., 2002; von Kobbe et al., 2000). VSV

leader RNA binds heterogeneous nuclear ribonucleo-
protein particle U (hnRNP U), which is involved in pre-
mRNA processing, and may have a similar role in VSV
replication (Gupta et al., 1998). Gustin and Sarnow
(2002) suggested that the redistribution of nuclear
proteins and disruption of the NPC might be part of a
strategy by which cytoplasmic RNA viruses could avoid
triggering the host immune response by blocking nuclear
signalling pathways. Certainly Enninga et al. (2002)
have shown that VSV M protein targets the NPC
component Nup98, as part of a strategy to disrupt an
interferon mediated response.

Several nuclear factors have been implicated in the
regulation of translation directed by internal ribosome
entry sites (IRES) present at the 5 end of the picorna-
virus, pestivirus and flavivirus genomes, and may
explain why picornaviruses disrupt nuclear—cytoplasmic
trafficking. One of these factors is the La protein, an
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RNA binding protein predominately located in the
nucleus and involved in initiation and termination of
RNA polymerase III transcription (Wolin and Ceder-
vall, 2002). La protein was shown to enhance the
translation of several viral genomes, including poliovirus
and HCV (Belsham et al., 1995). However, in the case of
HCYV, La is required at lower concentration (Isoyama et
al., 1999) than with poliovirus. As a possible mechanism
to control the amount of La protein, picornavirus
infection results in the redistribution of La from the
nucleus to the cytoplasm, whereas this does not occur in
HCYV infected cells (Isoyama et al., 1999). In poliovirus
infected cells La protein was shown to be C-terminal
cleaved, possibly by the 3C protease (Shiroki et al.,
1999). Green fluorescent protein linked to the C-
terminal region of La demonstrated that this region
was involved in nuclear localisation. The N-terminal
region of La localised to the cytoplasm and retained the
ability to enhance IRES dependent translation of the
poliovirus genome (Shiroki et al., 1999).

Polypyrimidine tract binding protein (PTB, also
known as p57 and hnRNPI) shuttles between the
nucleus and cytoplasm in a transcription dependent
manner, contains a NLS, and has been proposed as a
splicing factor (Patton et al., 1991). PTB also interacts
with the IRESs of several picornaviruses (Belsham and
Sonenberg, 2000). During poliovirus infection cellular
transcription is inhibited and PTB was shown to
redistributed to the cytoplasm (Back et al., 2002). In
addition to having the ability to cleave La, the 3C
protease also cleaves PTB, and it is these forms that are
redistributed from the nucleus to the cytoplasm. This
may contribute to a switch from translation to replica-
tion of the poliovirus genome (Back et al., 2002). PTB
has also been shown to interact with the coronavirus
genome (Huang and Lai, 1999; Li et al., 1999) and has
been shown to affect the coronavirus murine hepatitis
virus transcription (Choi et al., 2002). hnRNP Al was
found to associate with the coronavirus genome and N
protein (Wang and Zhang, 1999; Zhang et al., 1999),
and was postulated to be involved in virus transcription
and replication (Shi et al., 2000). However, subsequent
genetic studies indicated that it played no role in these
processes (Shen and Masters, 2001).

Several other nuclear proteins have been described
which interact with poliovirus. Once such protein,
identified by a yeast two hybrid screen is Sam68
(McBride et al., 1996), a protein that associates with
Src during mitosis (Guitard et al.,, 1998). During
poliovirus infection this protein localises from the
nucleus to the cytoplasm and associates with the viral
protein 2C (McBride et al., 1996), which is involved in
membrane binding (Aldabe and Carrasco, 1995) and
RNA binding (Rodriguez and Carrasco, 1995) and has
ATPase activity (Mirzayan and Wimmer, 1994). Sam68
has also been implicated in cell cycle control by

modulating RNA metabolism, indeed Li et al. (2002)
suggested that disruption of Sam68 may play a role in
the G2 to M phase progression. Although it is likely that
Sam68 is recruited by the 2C polymerase for its RNA
binding function, by altering the distribution of Sam68
during infection, picornaviruses may also disrupt the cell
cycle.

Nucleolin is prevented from entering the nucleus in
poliovirus infected cells, and has been shown to interact
with the poliovirus 3’ non-coding region (NCR). As a
result, it has been suggested to be involved in virus
replication (Waggoner and Sarnow, 1998). Izumi et al.
(2001) demonstrated that nucleolin bound to the 5’
UTR sequence on the poliovirus genome and stimulated
IRES dependent translation. Interestingly, nucleolin
(and proteins belonging to the nucleolin super-family)
have also been suggested to act as a possible cell surface
receptor for coxsackie B viruses (Raab de Verdugo et
al., 1995). Another nucleolar protein, fibrillarin, is
redistributed in coronavirus infected cells and cells
transiently expressing the coronavirus N protein (Chen
et al., 2002).

6. Viral interference with nuclear functions

One of the most obvious effects of virus infection is
the induction of the interferon and cytoplasmic RNA
viruses have a number of strategies to combat this
response (and have recently been reviewed; (Goodbourn
et al., 2000; Katze et al., 2002; Young et al., 2000)). For
example, non-cytopathogenic bovine viral diarrhoea
virus (BVDYV) infection results in the failure of cells to
produce either interferon o/, possibly due to inhibition
of interferon regulatory factor 3 function (Baigent et al.,
2002) and both Sendai virus and simian virus 5 block the
activation of interferon (Didcock et al., 1999).

Several cytoplasmic RNA viruses interfere with other
host cell nuclear functions such as cell cycle control
(Feuer et al., 2002) and transcription. Poliovirus protei-
nase 3C is responsible for the shutoff of Pol I transcrip-
tion in infected cells (Rubinstein et al., 1992). Poliovirus
also shuts down host cell transcription in neighbouring
uninfected cells, possibly through accumulation of
poliovirus proteins in host cell nuclei (Bossart et al.,
1984). Thus viruses may pre-program uninfected cells
prior to virus infection in order to promote favourable
metabolic conditions for virus replication.

VSV also interferes with cellular transcription. The
VSV plus strand leader RNA localises to the nucleus
(Kurilla et al., 1982) and can inhibit DNA dependent
transcription (McGowan et al., 1982; Remenick et al.,
1988). However, in VSV infected cells the primary cause
of decreased cellular transcription is host cell shut off
associated with the M protein (Black et al., 1993). The
VSV leader RNA has been shown to bind La (Kurilla
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and Keene, 1983; Wilusz et al., 1983), and hnRNP U
(Gupta et al., 1998). The functional significance of these
interactions remains to be determined.

7. Conclusion

Interaction of viruses with the nucleus, nuclear sub-
domains and proteins does not appear to be restricted to
those viruses that use the nucleus as a site of replication.
Many positive and negative strand RNA viruses whose
primary site of replication is the cytoplasm sequester
nuclear factors in order to facilitate virus replication
and, by altering nuclear—cytoplasmic trafficking, dis-
rupt host cell functions and cellular responses to viral
infections. Both successful replication and avoiding the
host response to infection are a prerequisite for the
successful evolutionary persistence of a virus.
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