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Abstract

Capsid proteins are structural components of virus particles. They are nucleic acid-binding proteins whose main recognized function is to
package viral genomes into protective structures called nucleocapsids. Research over the last 10 years indicates that in addition to their role as
genome guardians, viral capsid proteins modulate host cell signaling networks. Disruption or alteration of intracellular signaling pathways by viral
capsids may benefit replication of the virus by affecting innate immunity and in some cases, may underlie disease progression. In this review, we
describe how the capsid proteins from medically relevant RNA viruses interact with host cell signaling pathways.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

RNAviruses cause the majority of virus-associated acute and
chronic diseases in humans including some of the most devas-
tating epidemics over the last few centuries. For example, it is
estimated that more people (N40 million) were killed by
orthomyxoviruses as a result of the 1918 influenza pandemic
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Fig. 1. Multifunctionality of RNAvirus capsid proteins. A generic RNAvirus is
used as the model. Virions consist of a host-derived lipid envelope containing
virus-encoded membrane glycoproteins. The interior of the virion consists of
genomic RNA bound to capsid proteins. Upon entry, deposition of nucleocapid
into the cytoplasm provides the first opportunity for capsids to interact with
signaling proteins. The viral genome is translated to produce structural and
nonstructural proteins. The nonstructural proteins function in replication of the
genome whereas the structural proteins function in assembly of new virions.
Recent evidence suggests that nascent viral capsids also interface with cellular
proteins to alter the host cell environment so that it is more permissive for viral
replication.
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than in World War I [1]. Other simple RNA viruses including
hepatitis C and dengue viruses have infected more than
400 million people worldwide.

Without exception, all viruses that infect mammalian cells
must replicate before the host immune system defenses
shutdown virus production and/or destroys the infected cell. It
is well documented that large DNA viruses such as pox and
herpes viruses express regulatory proteins that interfere with the
host defense systems thereby providing a window of opportunity
Fig. 2. Capsid proteins localize to intracellular sites that are not related to virus as
cytoplasm and assemble on membranes of the endoplasmic reticulum and Golgi com
nucleous (WNV) or mitochondria (RV). Cells were infected with WNV (uppe
immunofluorescence. Nuclei were stained with DAPI and mitochondria were detect
for the virus to replicate and/or disseminate [2]. By comparison,
RNA viruses are genetically simple, often encoding less than
10 proteins many of which are involved in viral assembly.
However, they too face the same challenges as genetically
complex viruses in that they must at least temporarily evade the
immune response until viral replication and egress take place.

It has been known for quite some time that RNA viruses
produce structural proteins in vast excess to what is needed or
used for assembly of virions. Moreover, even though theymay be
the first viral proteins synthesized in infected cells, structural
proteins are not necessarily incorporated into virions immediately
after synthesis [3]. This suggests that there are large pools of viral
structural proteins present within infected cells that are available
for “nonstructural” or “ambassadorial” functions [4]. Given their
relatively small genome sizes, it is certainly beneficial for RNA
viruses to encode multifunctional proteins. In the following
review, we discuss the evidence that in addition to serving as
building blocks of virions, RNAvirus capsid proteins function as
important mediators of virus–host interactions (Fig. 1). Unlike
other viral structural antigens such as envelope glycoproteins
which are largely sequestered within membranes of the central
vacuolar system, capsid proteins are exposed to a wide variety of
host cell proteins in the cytoplasm and nuclei. In addition, they are
often produced in such large quantities that they can in theory,
overwhelm signaling circuits by engaging in stoichiometric
interactions with pathway components. As such, they are prime
candidates for mediating virus–host interactions at the cellular
level. For the sake of brevity, our discussion of capsids is limited
to those of RNA viruses that cause serious human diseases.

2. Flaviviruses

The family Flaviviridae is comprised of a large group (N70
different types) of enveloped single strand RNA viruses that
replicate in the cytoplasm of infected cells (for recent review
[5]). Many flaviviruses are human pathogens and together, they
are responsible for hundreds of millions of acute and chronic
sembly. West Nile virus (WNV) and Rubella virus (RV) both replicate in the
plex respectively. However, large pools of their capsid proteins localize to the
r panels) or RV (lower panels) and then fixed and processed for indirect
ed with antibodies specific for the matrix protein p32.



Table 1
Known host cell proteins that have been reported to interact with selected RNA
virus capsid proteins

Virus Host cell protein Function Reference(s)

West Nile
virus

I2
PPA Signal transduction [61]
Jab1 Transcriptional control,

regulation of protein
stability

[114]

HDM2 Cell cycle, regulation of
protein stability

[63]

Hepatitis C
virus

Apolipoprotein AII Lipid metabolism [115,116]
Cap-Rf RNA helicase [34]
Complement
Receptor gC1qR

T-cell response [117]

Cyclin dependent
kinase 7

Cell cycle regulation [118]

DEAD-box protein
DBX

RNA helicase [119]

DEAD-box
protein 3

RNA helicase [120]

Heterogeneous
nuclear
ribonucleoprotein K

Transcriptional control [121]

JAK1/2 Signal transduction [122]
Lymphotoxin-β
receptor

Apoptosis [123]

p53 Transcriptional control [124]
p73 Transcriptional control [125]
Proteasome
activator PA28γ

Protein degradation [126]

Retinoid
X receptor α

Transcriptional control [127]

Smad3 Transcriptional control [128]
sp110b Transcriptional control [129]
STAT3 Cell transformation [130]
TAFII28 Transcriptional control [124]
Tumor necrosis
factor receptor I

Apoptosis [131]

14-3-3 protein Regulate activity and
transport of various
cellular proteins

[132]

Rubella virus Par-4 Apoptosis [101]
p32 Mitochondrial function,

apoptosis
[98,101]

Hantavirus Daxx Apoptosis [133]
SARS
coronavirus

Ubc9 Protein sumoylation [134]
hnRNPA1 mRNA processing and

export
[113]

Cyclophilin Protein folding/
maturation

[112]

14-3-3
proteins

Regulate activity and
transport of wide variety
of cellular proteins

[109]

The most commonly known functions of each host cell protein are listed.
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infections: The most serious of which include hemorrhagic
fevers, encephalitis and hepatitis. Virions consist of a host cell-
derived envelope that contains two virus-encoded glycoproteins
that function in virus entry. Capsid proteins are internal
structural components whose primary function is to package
viral genomic RNA into nucleocapsids. A great deal of evidence
suggests that in addition to their well-defined roles in virus
assembly, flavivirus capsid proteins have important nonstruc-
tural functions. For instance, even though flavivirus replication
is confined to the cytoplasm of host cells and assembly of
nascent virions occurs on the endoplasmic reticulum (ER), large
pools of flavivirus capsid proteins are localized to the nuclei of
infected cells (Fig. 2). As there is no obvious role for nuclear
localized capsid in virus assembly, the nuclear cohort of capsid
is thought to engage in nonstructural functions, presumably in
modifying the host cell environment in such a way that virus
replication and/or dissemination is benefited.

2.1. Hepatitis C virus capsid/core protein

Hepatitis C virus (HCV) is the major etiological agent of
non-A, non-B hepatitis. From a global and economic perspec-
tive, it is an extremely important pathogen and current estimates
suggest that over 300 million individuals or 5% of the world
population is infected with HCV (reviewed in [6,7]). In ap-
proximately 85% of cases, infection becomes chronic in which
case the virus can persist for decades. Patients chronically
infected with HCV account for approximately 30–40% of all
liver transplants. As such, HCV has been the focus of much
research in an attempt to understand the mechanisms by which
the virus causes and maintains a disease state.

The HCV capsid, also known as core protein, is by far the best
studied of the flavivirus capsids. It has long been implicated in
disease development through its roles in apoptotic pathways
[8,9] as well as regulating the innate immune response [10]. Data
from studies over the last 10 years indicate that the HCV core
protein interacts with at least 20 different host cell proteins ([11]
and Table 1). In addition, microarray analyses revealed that it
directly and/or indirectly regulates the expression of more than
400 human genes [12,13]. Core is the first viral protein synthe-
sized in an infected cell, however it is not required as a structural
component until late in the assembly pathway. Furthermore,
during viral entry it is the first viral protein to contact host cell
proteins in the cytoplasm. Temporally and spatially, this places
the HCV core protein in a strategic position to act as a modulator
of the host cell environment.

The immature form of the HCV core exists as a monomer
and contains a hydrophobic domain at the carboxyl-terminus.
Maturation of core requires processing by the host enzyme
signal peptide peptidase to remove the hydrophobic carboxyl
domain [14]. The mature form of the protein is often found in
oligomeric complexes containing 24 or more copies of core. It is
believed that the lack of multimeric structure in immature core
makes it more amenable to interaction with host cell factors.
Such interactions may be important for regulating cell cycle
progression and intracellular signaling pathways that modulate
apoptosis. Interestingly, the mature form of core also localizes
to the nucleus [15,16] and as such, both forms of the protein
may have roles in virus–host interactions at the cellular level.

2.1.1. HCV core and apoptosis
Evidence supporting the idea that core is an important

pathogenic determinant of HCV disease stems from the
observation that expression of this viral protein in the livers
of transgenic mice, induces liver steatosis and hepatocellular
carcinoma [17,18]. Most of the studies on HCV core have
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focused on its role in modulating apoptosis. Indeed, evidence
suggests that apoptosis is an important factor in development of
HCV-induced liver damage, particularly during chronic infec-
tion [19]. Whereas many reports indicate that capsid is a pro-
apoptotic factor, a substantial number of studies suggest that this
protein may also have anti-apoptotic effects.

2.1.2. Pro-apoptotic effects of HCV core protein
One of the first clues that apoptosis is relevant to HCV-

induced liver disease was the observation that elevated levels of
the pro-apoptotic protein Fas/CD95 and associated inflamma-
tion, correlated with expression of HCV antigens in the liver
[20]. Specifically, among HCV patients, Fas/CD95 expression
was higher in cells that had detectable HCV antigen. A
subsequent study reported that expression of HCV core but
not envelope glycoproteins or nonstructural proteins, sensitizes
HepG2 cells to Fas/CD95 mediated apoptosis [21]. Seemingly
at odds with the study by Hiramatsu et al. [20], Ruggleri et al.
reported that core expression did not result in increased Fas/
CD95 levels but rather induced upregulation of Fas ligand at the
transcriptional level [22]. HCV core expression also sensitizes
mammalian cells to apoptosis under serum-limiting conditions
by a mechanism that involves upregulation of pro-apoptotic
Fig. 3. Flavivirus capsid proteins can affect apoptotic signalling pathways through
proteins act: 1: HCV core protein upregulates activity of transcription factor NF-κB
activation of TNFR may also lead to activation of IκB Kinase (IKK), which in turn
enhance transcripton of its target genes. 2: HCV core protein binds to the cytoplasmic d
alternatively, activation of NF-κB, a pathway that requires RIP and IKK. 3: Upregul
caspase-8 activation. 4: WNV capsid protein promotes p53 mediated apoptosis
and consequent increase in transcription of pro-apoptotic target genes. 5: HCV core u
6 and 7: The HCV core reportedly upregulates expression anti-apoptotic (Bcl-XL
mitochondria. 8: HCV core also increases the expression of the pro-apoptotic transcrip
text. (For interpretation of the references to colour in this figure legend, the reader is
proteins including p53 and Bax [23]. Finally, core may also
affect Fas-dependent apoptosis in hepatocytes by blocking
survival signaling through the p38 mitogen activated kinase
pathway [24].

Fas/CD95 is a death receptor that is part of the tumor necrosis
factor alpha (TNF-α) receptor family. In addition to binding Fas/
CD95, it is now clear that HCV core protein also directly interacts
with the cytoplasmic domains of other TNF family death receptors
(TNF-R1 and lymphotoxin-β receptor) [25]. Many similarities
exist between Fas ligand and TNF-α-mediated apoptosis but it
appears that core can affect each pathway differently (Fig. 3).
Depending upon numerous factors including cell type and the
physiological state of the cell, exposure to TNF-α can have pro- or
anti-apoptotic effects. Immunohistochemical analyses first
pointed to a role for TNF-α in liver inflammation of non-A,
non-B hepatitis patients [26] and a subsequent study revealed that
expression of HCV core potentiates TNF-α-dependent apoptosis
likely through binding the cytoplasmic domain of the TNFR-1
[25]. An independent study also showed that core binds to the
cytoplasmic domain and activates the related receptor, lympho-
toxin-β receptor [27]. Similar to TNFR-1, signaling from the
lymphotoxin-β receptor has been shown to induce cell death [28].
As well as activating death-inducing signaling through TNFR-1
multiple mechanisms. Numbered blue circles represent points at which capsid
, which leads to increased transcription of pro-survival genes. Core potentiated
phosphorylates and deactivates the NF-κB inhibitor IκB. This allows NF-κB to
omain of death receptors leading to potentiation of TNF-αmediated apoptosis, or
ation of c-FLIP by HCV core results in blocking apoptosis through inhibition of
by blocking interaction of hDM2 with p53, thereby increasing the stability
pregulates the levels of ICAD, thus inhibiting caspase mediated DNA cleavage.
and pro-apoptotic (Bax) Bcl-2 family members that function at the level of
tion p53, one of whose functions is to upregulate Bax. For more details, please see
referred to the web version of this article.)



1231M.D. Urbanowski et al. / Cellular Signalling 20 (2008) 1227–1236
and/or lymphotoxin-β receptors, HCV core reportedly inhibits
TNF-α-dependent survival pathways that involve NF-κB signal-
ing [29]. Together, these data support a role for HCV core protein
in the induction and/or sensitization of cells to apoptosis.
Through interaction with three distinct but related branches of
extrinsic apoptotic signaling mechanisms, and inhibition of
survival signals, core expression may be a central pathogenic
determinant of liver disease. It is important to point out that
apoptotic death of the host cell can have advantages for some
viruses. Specifically, release of virions in apoptotic bodies that
can be taken up by surrounding cells will limit inflammation
thereby allowing the virus to spread relatively undetected by the
immune system [2].

Finally, there is evidence to suggest that core-induced Fas-
dependent apoptosis in T lymphocytes may contribute to viral
persistence. Chronic HCV infection is characterized by T-cell
dysfunction and depletion [30] and interestingly, expression of
core protein sensitizes cultured T-cells to Fas-mediated
apoptosis [31]. Moreover, T-cells that are not directly infected
with HCV may undergo apoptosis as the result of a bystander
effect. Evidence for this notion stems from the observation that
co-cultivation of a T-cell line with HepG2 cells expressing HCV
core, resulted in increased sensitivity of the T-cells to Fas-
mediated apoptosis [22].

2.1.3. Anti-apoptotic/pro-survival effects of HCV core protein
As discussed above, many studies have documented the pro-

apoptotic effects of HCV core protein, however there is a
considerable body of work indicating that this viral protein also
functions to confer resistance to apoptosis. HCV infection
frequently becomes persistent, thus it stands to reason that the
virus utilizes strategies to prevent the premature death of at least
a subset of infected cells. Virus-induced anti-apoptotic signaling
through core-dependent mechanisms is thought to account for
why the virus can avoid elimination by the immune system as
well as the development of hepatocellular carcinoma.

An effective way to counteract apoptosis is to upregulate the
expression of proteins that block programmed cell death. With
respect to HCV core protein, it has been demonstrated that
expression of this viral protein in HepG2 cells upregulates the
anti-apoptotic Bcl-2 family member Bcl-XL at the transcrip-
tional level [32–35]. Regarding establishment of chronic HCV,
it is interesting to note that over-expression of anti-apoptotic
Bcl-2 family members can protect hepatocytes from Fas-
mediated apoptosis [36]. Core expression can also activate the
NF-κB pathway (Fig. 3). Indeed the anti-apoptotic effects of
core are reportedly dependent upon activation of this pathway
[37,38]. The Bcl-XL gene has an NF-κB responsive element, but
intriguingly, core-dependent upregulation of Bcl-XL does not
depend on NF-κB.

A recent study found that HCV core inhibits TNF-α
dependent apoptosis by sustaining the expression of FADD-
like interleukin-1β-converting enzyme like inhibitory protein
(c-FLIP) [39]. C-FLIP is an inhibitor of TNF-α mediated
apoptosis and functions by inhibiting caspase-8 activity (Fig. 3).
Core-dependent upregulation of c-FLIP does not involve MAP
kinase or phosphoinositide-3 kinase signaling but may be a
consequence of increased NF-κB activity [40,41]. Reducing c-
FLIP levels with small interfering RNAs can abrogate the anti-
apoptotic effect of HCV core. This may indicate that inhibition
of caspase activity is the most important mechanism by which
core blocks apoptosis.

Finally, recent data have emerged which indicate that HCV
core directly associates with the TNFR1–TRADD–TRAF2 sig-
naling complex in order to potentiate TNF-α mediated NF-κB
activation [37]. TRADD is a signal transducer that binds to the
cytoplasmic domain of TNFR1 as well as TRAF2, a signaling
protein that activates NF-κB [42]. Expression of a dominant
negative TRAF2 construct inhibited the effect of HCV core on
NF-κB signaling. The core protein may act to inhibit Fas and
TNF-α mediated apoptosis by indirectly interfering with the
function of the caspase-activated DNase (CAD), a nuclease that
cleaves cellular DNA following activation by caspases [9,39].
CAD is subject to regulation by an inhibitor protein (ICAD)
whose activity level can influence the outcome of cell death
programs (reviewed in [43]). Core protein increases the expres-
sion of ICAD leading to inhibition of TNF-α and Fas-mediated
apoptotic death (Fig. 3).

2.1.4. So, is the HCV core pro- or anti-apoptotic?
The short answer is yes. Some of the apparent discrepancies

regarding whether core is pro- or anti-apoptotic may be
explained by the fact that the effects of core on signaling
pathways are isoform dependent. Like many other RNAviruses,
HCV is actually a quasi-species; a collection of closely related
but not identical genetic variants that arise due to a combination
of selection pressures and the low fidelity of the HCV RNA-
dependent RNA polymerase [44]. Indeed, slight differences in
core sequence can have dramatic differences in activation of
signaling pathways. For example, core-dependent regulation of
NF-κB signaling is genotype dependent. Core proteins from
HCV 1a and 1b isolates differed by five fold in their abilities to
affect transcription of a reporter gene under the control of a NF-
κB-responsive promoter [45]. Further analyses revealed that as
little as two amino acid residue changes within core were
responsible for these differences. As NF-κB activation can
inhibit the death of cells from apoptosis, it is possible that
during disease progression, core variants that block cell death
predominate, a situation that may contribute to development of
hepatocellular carcinoma. Expression of core genes derived
from variants of the same subtype of HCV can also have
differential effects on signaling pathways. For instance, Polyak
et al. demonstrated that expression of two core genes isolated
from HCV genotype 1b infected patients, have dramatically
different effects on type I interferon signal transduction [11].

Further data supporting the idea that quasi-species variation is
important for viral persistence came from the study of core
variants isolated from tumor and non-tumor tissue [46]. Variants
from tumor tissue showed significantly greater abilities to inhibit
the activation of the TGF-β pathway, an effect that is likely
potentiated through direct interaction with SMAD3 (reviewed in
[47]). Although sequence differences between core isolates can
be found, there do not appear to be any hotspots in the core gene
sequence per se. Instead it seems that environmental pressures
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can generate several types of mutations which, although having
different sequences, can have similar biological properties [46].

2.1.5. Effect of HCV core on gene expression
The HCV core protein is thought to alter intracellular

signaling by direct interaction with components of signaling
pathways. In addition, it appears that the core protein can alter
host cell gene expression programs by direct and indirect means.
First, it has been reported that HCV core binds to and represses
the p53 promoter, thus blocking p53 synthesis [48]. Recall that
p53 is a transcription factor that can activate expression of pro-
apoptotic Bcl-2 family members such as Bax. Subsequent
studies have shown that core significantly affects the expression
of more than 400 human genes [12,13]. In hepatocytes, core
upregulates anti-apoptotic and immune evasion genes such as
PAK2, AP15, BH1 and Tax1BP1. In T-cells, genes involved in
anergy and slowing the rate of cell cycle progression are
activated by core. Many but not all of the changes in core-
dependent gene expression are due to upregulation of the
transcription factors NF-κB and NFAT. Another mechanism by
which HCV core may affect global gene expression patterns is
through the RNA interference pathway. Core protein reportedly
binds to and inhibits the RNase III protein Dicer [49], an enzyme
that processes small regulatory RNAs that fine tune the
expression of up to 30% of human genes [50]. Together, these
data suggest that core-dependent reprogramming of hepatocytes
may contribute to viral persistence by suppressing apoptosis in
hepatocytes and inducing T-cell anergy.

In summary, despite the inordinate amount of research on the
effects of core expression on cellular signaling pathways,
particularly those that influence apoptosis, a unifying mechan-
ism to explain all of the core-specific effects is lacking. It is
important to restate that many of these studies involved
expression of core protein in the absence of other HCV proteins
and as such, the relevance to the in vivo situation can rightfully
be questioned. Moreover, the effect of core expression on
signaling is surely dependent on core sequence, cell type,
expression level and whether or not the expression is transient or
stable. However, it is clear that core protein expression does
affect multiple signaling pathways in host cells. Fortunately,
with the recent development of infectious cDNA clones for HCV
[51,52], reverse genetic experiments will soon provide further
insight into the role of this viral protein in pathogenesis.

2.2. Japanese encephalitis virus serogroup

The Japanese encephalitis serogroup is divided into 12 antigenic
serogroups which includes the human pathogens West Nile, St.
Louis encephalitis, dengue, and yellow fever viruses [5,53]. All
viruses employ a zoonotic transmission cycle to move from pig or
bird reservoirs to dead end hosts such as humans by usingmosquito
vectors. West Nile virus (WNV) is the etiologic agent of an acute
febrile illness often characterized by the onset of meningo-
encephalitis and in some cases, death. It is the most common
cause of viral encephalitis in North America [54]. Japanese
encephalitis virus (JEV) is endemic in south and southeast Asia and
similar to WNV, can infect the central nervous system and has a
high mortality rate [55]. Dengue virus is an extremely important
pathogen that infects more than 100 million people each year [56].
It is the most common cause of arboviral disease in the world and
there are no specific treatments for this disease. Although virus
assembly occurs on ER membranes, a large fraction of the capsid
pools in WNV, JEV and dengue infected cells accumulates in the
nucleus/nucleolus (Fig. 2) and recent evidence is consistent with
these viral proteins playing a role in pathogenesis via interactions
with cellular signaling pathways [57–61].

2.2.1. West Nile and Japanese encephalitis virus capsid proteins
Shortly after the emergence of highly pathogenic WNV

strains in North America in 1999, interest in the potential role of
capsid as a pathogenic determinant intensified. Collectively, the
data from the studies described below suggest that the WNV
capsid is a pro-apoptotic factor. Specifically, expression of the
capsid in the absence of other viral proteins induces apoptosis in
a number of different in vitro and in vivo systems. For example,
transient expression of capsid protein in multiple human cells
lines results in loss of mitochondrial membrane potential and
activation of caspase-9 and caspase-3 [62]. In vivo, expression of
capsid in the brains of laboratory mice causes local inflammation
and apoptotic cell death. The precise mechanism by which the
capsid initiates apoptosis through the mitochondrial pathway is
not well understood, however, targeting of capsid to the nucleus
may be important for this process [59,61,63]. A recent report
identified the nuclear protein HDM2 as a capsid-binding protein
[63]. HDM2 is an E3 ubiquitin ligase that regulates levels of the
transcription factor p53 [64,65]. Oneway in which p53 can act in
a pro-apoptotic manner is to upregulate levels of Bax, an
apoptotis inducing member of the Bcl-2 family that acts at the
level of mitochondria [66]. Inhibition of the E3 ligase activity of
HDM2 by capsid results in accumulation of p53 and consequent
transcriptional upregulation of Bax and subsequent loss of
mitochondrial membrane potential (Fig. 3). Mapping studies
revealed that capsid mutants lacking the carboxyl-terminal 18
amino acid residues do not bind HDM2 which coincidentally, is
a region of the protein previously shown to be important for
induction of apoptosis [62]. It has yet to be determined if this part
of capsid is sufficient for apoptosis.

Nuclear localization of the JEV capsid protein also appears
to be important for viral replication and pathogenesis [60]. A
conserved glycine–proline motif in the central region of the
capsid is essential for nuclear localization of capsid. Recombi-
nant JEV strains with alanine substitution mutations in this
motif exhibited severely reduced replication in mammalian and
insect cells. Interestingly, whereas mutations in the GP motif
had no effect on neurovirulence in mice, the neuroinvasiveness
was attenuated. The authors concluded that nuclear localization
of the capsid protein was important for pathogenesis of
encephalitis, possibly by allowing the virus to breach the
blood brain barrier. In this respect, it was recently demonstrated
that TNF-α signaling is integral to the ability of WNV to infect
cells of the central nervous system [67]. While it is clear that the
GP motif is required for neuroinvasion, it remains to be
determined however, if nuclear localization per se is required
for neuropathogenesis. The GP motif does not resemble any
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known nuclear localization signals and it is possible that
mutagenesis of the GP codons results in a conformational
change that prevents the capsid from exposing the nuclear
localization signal and/or potentially activating signaling path-
ways that result in secretion of neuroinflammatory cytokines
such as TNF-α.

WNV infection results in transcriptional upregulation of
TNF-α [68] but it has yet to be determined if capsid is the viral
protein that mediates this process. However, it is known that
expression of WNV capsid in the absence of other viral proteins
in neurons and astrocytes leads neuronal apoptosis and release
of several neuroinflammatory mediators including CXCL10
[69]. This study also demonstrated that capsid suppresses the
expression of OASIS, a protein whose induction is associated
with a protective response to ER stress [70].

WNV capsid expression upregulates phosphatase 2A (PP2A)
activity [61]. Elevated PP2A activity has also been reported in
HCV-infected cells [71], and is purportedly important for
blocking interferon-α signaling. PP2A suppresses the activity of
AP-1 [72], a transcription factor that upregulates type I interferon
genes [73]. To our knowledge, the work of Hunt et al. [61] is the
first to report that expression of a flavivirus capsid protein is
sufficient to increase the activity of this phosphatase. Presumably,
WNV capsid influences PP2A activity through interaction with
I2
PP2A, also known as SET [74]. I2

PP2A is a major capsid-binding
protein that like capsid, is concentrated in the nucleus [61]. The
capsid-binding site overlaps with the region of I2

PP2A that is
required for inhibition of PP2A activity. Whereas capsid ex-
pression negatively affects AP-1 activity likely through increased
PP2A activity [61], I2

PP2A expression increases the transcriptional
activity of the AP-1 complex [72]. We hypothesize that capsid-
mediated downregulation of AP-1 serves to dampen or delay the
innate immune response.

Finally, it is interesting to note that the capsid protein binding
region of I2

PP2A includes amino acid residues 1–108, the region
of I2

PP2A that is essential for interaction with the Cdk5-activating
protein p35 (residues 29–94) [75,76]. Binding of I2

PP2A to p35 is
associated with activation of the Cdk5 complex which is
required for signaling at the neuromuscular synapse [77].
Ultimately, it may be of interest to investigate whether capsid/
I2
PP2A interactions contribute to neurological complications
caused by WNV. However, these studies will require I2

PP2A

null mice, which to our knowledge are not yet available.

2.2.2. Dengue virus capsid
A large pool of dengue virus capsid protein localizes to the

nucleus [58] where it presumably functions in processes that are
not directly related to virus assembly. Expression of dengue
capsid protein sensitizes HepG2 cells to Fas-dependent
apoptosis possibly by a mechanism that involves binding to
Daxx, a cellular protein that shuttles between the nucleus and
cytoplasm. Daxx is pro-apoptotic and functions in the Fas-
dependent pathway by two different mechanisms. When
localized to the nucleus it acts as a transcriptional repressor of
Bcl-2 genes [78,79]. In the cytoplasm, using different domains,
Daxx stimulates apoptosis through interactions with Fas at the
plasma membrane and as well as binding to and activating the
kinase JNK [80]. It is believed that interactions between the
capsid and Daxx occur in the nucleus and under this scenario, it
is possible that capsid blocks translocation of Daxx to the
cytoplasm without affecting its repressor activity in the nucleus.
Given that liver damage as a result of virus-induced apoptosis
may be a key component of dengue hemorrhagic fever and
dengue shock syndrome [81], the capsid protein may be viewed
as an important pathogenic determinant.

3. Togavirus capsid proteins

The family Togaviridae is comprised of two genera, Alpha-
virus and Rubivirus. The genus Alphavirus contains at least 28
species that are widely distributed throughout the world.
Members of this genus are typically maintained in natural
cycles involving transmission by an arthropod vector among
susceptible vertebrate hosts [82]. Alphaviruses cause a wide
range of diseases in mammals the most serious of which are
neurological disorders and encephalitis following infection of
the central nervous system. Evidence suggests that apoptosis in
neurons is a primary mechanism of viral disease [83,84],
however to date, there is no evidence indicating that capsid
proteins function in this process. A limited number of studies
suggest alphavirus capsids function in signalling mechanisms
that regulate translation of host cell proteins [85–87].
Independent of double strand RNA, purified alphavirus capsids
stimulate the phosphorylation of the interferon-induced, double-
stranded RNA-activated protein kinase, PKR. Subsequent
PKR-dependent phosphorylation of the translation initiation
factor (eIF-2), results in blocking host cell translation. These
data indicate that alphavirus capsid proteins play a central role
in shutoff of host cell protein synthesis. Unfortunately, follow
up studies to address the mechanism of this phenomenon have
not been published. Given that alphaviruses have served as
excellent models for the study of virus replication and virus–
host interactions, it is surprising that so little is known about
capsids and signaling.

The genus Rubivirus contains only one member, Rubella
virus (RV) and worldwide, this virus is responsible for more
birth defects than any other infectious agent (reviewed in [88]).
It has been proposed that the severe pathology associated with
congenital rubella syndrome is at least partially the result of
virus-induced apoptosis and/or the innate immune response
[89–92]. The role of capsid in modulating innate immunity has
not been explored and its role in apoptosis is controversial. Data
from Duncan et al. suggest that membrane-associated capsid
protein is pro-apoptotic in certain cell types [93]. Contrary to
these findings, Hofmann et al. reported that RV structural
proteins including capsid do not induce apoptosis [94]. RV-
induced apoptosis is highly dependent upon cell type [95] and
as such, the apparent discrepancy between the findings of
Duncan and Hoffmann may be due in large part to the fact that
different types of expression systems (transient vs. stable) and
cell lines were employed.

An interesting feature of the RV capsid is that it displays
multiple intracellular localizations [96,97]. A pool of capsid is
targeted to the Golgi complex where it functions in virus
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assembly but in addition, a large fraction of the protein is
associated with mitochondria (Fig. 2). Capsid expression
induces perinuclear clustering of mitochondria [98] and there
are a number of reasons to think that this may affect apoptotic
signalling. First, the distribution of mitochondria is profoundly
affected by over-expression of other proteins that modulate
apoptosis including TNF receptors and Bax [99,100]. Second,
we and others have shown that capsid binds to the host cell
protein p32 [101,102], a mitochondrial protein that functions in
apoptosis through its interactions with the BH3-only protein
Hrk [103]. Data from earlier structural studies are consistent
with a role for p32 in regulating intramitochondrial Ca+2 and the
permeability transition pore complex [104]. Interestingly, Hrk
interacts with the carboxyl-terminus of p32, which is the same
region that binds capsid [98]. Studies are now underway to
further understand how the RV capsid protein affects intracel-
lular signalling from the level of mitochondria.

4. Coronavirus capsid proteins

Coronaviruses are the largest positive strand RNA viruses
that have been characterized to date. The most well known
human pathogen among this group is the severe acute respi-
ratory syndrome coronavirus (SARS-CoV) [105]. In 2003,
SARS outbreaks in Asia and North America resulted in the
infection of thousands of people, many hundreds of which died.
One of the key structural components of SARS-CoV virions is
the N or nucleocapsid protein. Recent studies directed at
understanding the pathogenic nature of SARS-CoV suggest that
in addition to encapsidating the viral genome, the N protein
functions as a regulator of virus–host interactions (reviewed in
[106]). In particular, the N protein interferes with production of
interferon by blocking the activities of IRF-3 and NF-κB [107].
Similar to NF-κB, IRF-3 is a transcription factor that activates
the expression of interferon genes and as such, is an important
component of the innate immune response. It is not clear how
the SARS-CoV N protein inhibits NF-κB and IRF-3 activity but
obviously interaction with host cell proteins is required for this
process. At least four host cell-encoded N binding proteins have
been identified.

Nuclear-localized N protein has no obvious function in virus
assembly which occurs in the cytoplasm, and therefore this
cohort of N may be engaged in nonstructural activities [108].
The nuclear localization of N protein is regulated by
phosphorylation and binding to 14-3-3 proteins [109]. Reduc-
tion of 14-3-3 theta by RNAi results in increased nuclear
translocation of N protein [109]. Given that N protein can
stimulate transcription of the proinflammatory gene COX2 by
binding to the NF-κB response element [110], regulating the
amount of N protein in the nucleus by 14-3-3 proteins may be
important for limiting virus-induced inflammation. Another
way in which N protein may influence pathogenesis is through
inhibition of the CDK4-cyclin D complex by binding to the
cyclin D subunit [111]. N protein also binds to hnRNPA1 and
cyclophilin A [112,113], however, the importance of these
interactions in virus biology has not been established. By
understanding how coronavirus N proteins modulate virus–host
interactions, it may be possible to use mutated N genes as the
basis for recombinant vaccines that have few side effects.

5. Summary and perspectives

The idea of viral capsids as signaling molecules is a rela-
tively new concept and this is reflected in the relative paucity
of research in this area. However, if the HCV core protein is
any indication, it is reasonable to expect that modulation of
intracellular signaling pathways by other viral capsids (includ-
ing flu viruses) is an important part of the disease process. In
addition to understanding how specific viruses cause disease,
the study of how capsids modulate intracellular signaling, may
pave the way for rationale design of live attenuated vaccines
that incorporate modified capsid genes. In addition, capsid
proteins themselves may prove useful as therapeutic agents that
can be used to upregulate or dampen specific signaling net-
works that malfunction as the result of disease.
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