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Abstract: The nuclear pore complex (NPC) acts as a selective barrier between the nucleus
and the cytoplasm and is responsible for mediating communication by regulating the
transport of RNA and proteins. Numerous viral pathogens have evolved different mechanisms
to hijack the NPC in order to regulate trafficking of viral proteins, genomes and even
capsids into and out of the nucleus thus promoting virus replication. The present review
examines the different strategies and the specific nucleoporins utilized during viral infections
as a means of promoting their life cycle and inhibiting host viral defenses.
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1. Introduction

The nuclear envelope (NE) acts as a formidable barrier that compartmentalizes eukaryotic cell
genomes in the nucleus and enables the uncoupling of transcription and translation. The NE is studded
with nuclear pore complexes (NPC), multiprotein channels that regulate selective nucleocytoplasmic
trafficking of macromolecules. In non-dividing cells, the NPC promotes communication between the
cytoplasm and nucleus by allowing molecules smaller than 5 nm to passively diffuse through the pore,
while macromolecules greater than 40 kDa require active transport [1-3].

The NPC is composed of 30 different proteins, referred to as nucleoporins (Nups) [4]. The overall
architecture of the NPC and the positioning of each Nup has been determined through molecular,



Viruses 2013, 5 2020

biochemical and structural analysis of the Saccharomyces cerevisiae NPC [5-7]. The NPC is a
modular structure that can be divided into three large regions: the nuclear basket, the central core and
the cytoplasmic filaments (Figure 1).

The exchange of material into and out of the nucleus is made highly selective by soluble transport
receptors called karyopherins (importins or exportins). The directionality of each transport event
requires energy and is regulated by the small GTPase Ran, as it cycles between its GTP- and
GDP-bound forms [8]. Nuclear import is driven by o and B subtypes of the importin superfamily,
which specifically binds to cargo proteins encoding a nuclear localization signal (NLS) and together
this importin-cargo complex translocates through the NPC [9]. In the nucleus, Ran/GTP binds to the
importin-cargo complex and causes its disassembly, resulting in the release of the cargo into the
nucleoplasm. Conversely, nuclear export requires the formation of a trimeric complex consisting of an
exportin, a nuclear export signal (NES)-containing cargo and Ran/GTP. Once transported across the
NPC, the trimeric complex dissociates upon interconversion of Ran/GTP to Ran/GDP to deliver the
cargo into the cytoplasm.

Figure 1. The nuclear pore complex (NPC). Schematic representation of a cross-section
view of a NPC as it spans the inner (INM) and outer (ONM) nuclear membranes.
Vertebrate Nups are listed based on their localization within the NPC. The central core
(green) is composed of the inner-ring Nups, transmembrane Nups, linker Nups, outer-ring
Nups and the phenylalanine-glycine (FG)-Nups. The location of select nucleoporins within
the NPC is shown.
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Viruses are obligate intracellular parasites that manipulate and exploit host cell machineries during
infection. Many nuclear transport events involving viral components occur throughout the course of
virus replication. Some viruses are solely able to penetrate the nucleus upon NE disassembly during
cellular mitosis, while others actively enter the nucleus by subverting the NPC and promoting nuclear
import [10—12]. As import through the NPC is size restricted, infecting virus particles have evolved
different strategies to breach the nucleus. In this review, we describe the different mechanisms of
nuclear transport for adenovirus, herpesvirus, picornavirus, orthomyxovirus, rhabdovirus, retrovirus
and hepadnavirus and discuss the host cell factors subverted by these viruses during import and export
events (Table 1).
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Table 1. Host factors subverted by different viruses to facilitate transport across the NPC.
Virus Host factor Function(s) Detection method(s) Reference(s)
CRM1 Import/Export Functional analysis with LMB [13,14]
Nup214 Import IF and biochemical interaction [15,16]
Nup358 Import IF [15]
Nup62 Import IF [15]
Adenovirus Histone H1 Import Biochemical interaction and MALDI MS [16]
Transportin 1~ Import Biochemical interaction [17]
Hsp70 Import Import block with anti-hsp70 antibodies [13]
Importin o Import Biochemical interaction [17]
NFX1 Export IF and RNAIi [18]
. Capsid binding block with anti-importin 3
Importin Import antibodics [19]
Nup214 Import Co-IP and shRNA [20]
Capsid binding block with anti-Nup358 antibodies
HSV-1 Nup358 Import and SIRNA [21]
NFX1 Export siRNA [22]
Nup62 Export Co-IP and pull-down assay [23]
Nupl53 Import Microarray analysis [24]
EBV Nup62 Unknown Co-IP [25]
Nup153 Unknown Co-IP [25]
. Nup62 Blocks host import Immunoblot analysis of proteolytic cleavage [26,27]
Poliovirus/ . . .
Rhinovirus Nup98 Blocks host import Immunoblot analys;s of proteolygc cleavage [28]
Nup153 Blocks host import Immunoblot analysis of proteolytic cleavage [26,27]
Nup62 5:1;%1:/2?;:) ot Immunoblot analysis of phosphorylation [29]
Nup98 BIOCkS host Immunoblot analysis of phosphorylation [30]
. import/export
Cardiovirus Blocks host . .
Nupl153 import/export Immunoblot analysis of phosphorylation [29]
Nup358 5:1;%1:/?2;; ot Immunoblot analysis of phosphorylation [29]
Importin o Import In vitro binding assays, Co-IP and cocrystal [31-33]
structure
KPNB1 Unknown RNAI screens [34,35]
CRM1 Export Functional analysis with LMB [36,37]
Influenza A NFX1 Export RNAI screens and functional analysis using siRNA  [34,38—40]
Nup98 Export RNAI screens [39-41]
Nupl153 Unknown RNAI screens [35,40]
Nup62 Export Functional analysis using siRNA and IF [38]
pl5 Export In vitro binding assays [39]
Rael Export In vitro binding assays [39]
E1B-AP5 Export In vitro binding assays [39]
VSV Nup98 Blocks host export In vitro binding assay and MALDI-TOF [42]
Rael Blocks host export In vitro binding assay and immunoblot [43]
Nup98 Proviral integration RNAI and functional studies using sShRNA [44—46]
Nup85 Import RNAI and functional studies using siRNA [47.,48]
Nup133 Import RNAI [47]
Nup107 Import RNAI [47]
Nup160 Import RNAI and functional studies using siRNA [47,48]
Nup153 Import and proviral i 4nd functional studies using SIRNA [44-48]
itegration
HIV-1 Nup214 Export RNAI and functional studies using sShRNA [44,46]
Nup358 Import RNAI and functional studies using sShRNA [44,46-48]
Nupl55 Import RNAI and functional studies using siRNA [47—-49]
CRM1 Export RNAI and in vitro binding assay [49,50]
TNPO3 Import RNAi and functional studies using shRNA and [46.47.51]
siRNA
Nup50 Unknown Microarray [52]
Nup62 Import/Export Microarray and functional studies using siRNA [52-54]
HBV Nup153 Import Co-IP and immunoblot [55]
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2. Adenoviruses

Members of the family Adenoviridae are non-enveloped, double-stranded DNA viruses. Currently,
there are 57 human adenovirus types, which can be categorized into 6 subgroups and cause a range of
respiratory, gastrointestinal, urogenital and ocular diseases. The stepwise process of adenovirus
genome transport into the nucleus begins with attachment of the virus fiber protein to the host
cell coxsackievirus adenovirus receptor (CAR) [56]. Virus internalization by receptor-mediated
endocytosis results in virion escape into the cytoplasm and begins the progressive uncoating of the
capsid leaving a somewhat intact layer of hexon and penton coat proteins [57]. The remaining coat
proteins allow the virion to travel along microtubules to the nucleus by binding, through an unknown
mechanism, to the molecular motor, dynein [58]. Stepwise uncoating of the virion may play a role in
evading host innate immune responses by limiting exposure of the viral DNA genome before nuclear
import is complete [59].

Nuclear targeting of the virus particle requires the presence of the export receptor CRM1
(chromosome region of maintenance 1), as disassociation of the adenovirus virion from microtubules
is blocked by the presence of Leptomycin B (LMB), which specifically inhibits CRM1 [14,60]. The
final uncoating step occurs as the capsid docks to Nup214 [16] but before disassociating from the
kinesin light chain motor [15]. Strunze et al. propose a model whereby the kinesin heavy chain is
activated upon binding Nup358 (also known as RanBP2) and exerts a pulling force on the viral
particle, which disassembles it completely. Indirect immunofluorescence at 3 hours post-infection
demonstrates that Nup358, Nup214 and Nup62 are displaced into the cytoplasm and colocalize with
disassembled virus particles at the cell periphery (Figure 2A) [15]. The displacement of Nups increases
the NE permeability, as evidenced by the transient infiltration of inert fluorescent dextran molecules in
adenovirus-infected cells, which presumably promotes entry of the viral DNA into the nucleus [15].
The adenovirus genome is highly negatively charged and consequently a number of viral and host
proteins have been implicated in viral DNA import, these include: the viral core protein VII, histone
HI, the import receptor transportin 1, hsp70 and importin a [13,16,17,61]. Transport receptors are
limiting factors during adenovirus infection and therefore increasing NPC permeability may make viral
DNA import less dependent on them [15].

The late phase of the adenovirus life cycle includes viral genome replication, transcription and
synthesis of gene products. An increase in the export of viral mRNA transcripts causes a concomitant
block in host mRNA export by an unknown mechanism. Interestingly, adenoviral transcripts switch
from being exported by CRM1 early during infection to the mRNA export receptor NXF1 during the
later phase of viral mRNA export [18,62]. Viral structural proteins are imported into the nucleus for
capsid assembly and DNA-filled capsids are released by virus induced cell lysis. Altering the
composition of the NPC might not only be involved in viral DNA import but may also be playing an
unexplored role in adenovirus modulation of the host in an effort to augment viral replication.
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Figure 2. Viruses that hijack the nuclear pore complex to promote viral genome nuclear
import. Schematic representations of the different mechanisms by which 5 viruses subvert
various Nups in order to facilitate nuclear import. (A) Uncoating of the adenovirus capsid
at the NPC causes at once the release of the DNA genome into the nucleus and
displacement of Nup62, Nup214 and Nup358 into the cytoplasm. (B) HSV-1 capsid
docking to cytoplasmic filaments leads to uncoating and driving the DNA genome through
the NPC. (C) Import of the influenza A virus vRNP is mediated by the classical importin
o/p transport pathway. (D) The HIV-1 PIC (pre-integration complex) docks to Nup358
before being imported into the nucleus and integrated into the host chromosome in the
process that is facilitated by Nup62, Nup98 and Nup153. (E) Mature and immature HBV
capsids are imported intact through the NPC, however; Nup153 ensures that only mature
capsids disintegrate to release the DNA genome into the nucleus.
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3. Herpesviruses

The family Herpesviridae is a large group of double-stranded DNA viruses that cause a wide range
of disease in a broad range of hosts. The alphaherpesvirus subfamily includes the human pathogens
herpes simplex virus (HSV) type 1 and 2, which are responsible for cold sores and genital herpes,
respectively. All herpes virions share a common structure; the DNA genome is encased within an
icosahedral nucleocapsid that is surrounded by a proteinaceous layer called the tegument and finally
surrounded by a lipid envelope embedded with glycoproteins [63].

HSV-1 infection begins with viral glycoprotein (gC or gB) binding to its cognate cellular receptor
(heparan sulfate) [64]. Fusion of the virion envelope with the host cell membrane releases the
nucleocapsid and the outer tegument proteins into the cytoplasm, whereby the inner tegument proteins
interact with molecular motors to transport capsids along microtubules to the nucleus [65]. The
prohibitive size of the nucleocapsid taken together with electron microscopy images of accumulating
empty nucleocapsids at the cytoplasmic face of the NPC, suggest that incoming herpesviruses have an
active mechanism to import DNA into the nucleus (Figure 2B) [66].

This section focuses on HSV-1, which is widely studied in terms of nuclear import. In vitro
reconstitution of purified capsids and the NPC demonstrate that docking solely necessitates importin 3
but DNA release into the nucleoplasm additionally requires the presence of cytosol and energy [19].
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To date two viral tegument proteins, pUL36 and pUL25, are known to play a role in capsid docking to
the NPC. Blocking pUL36 with specific antibodies decreases capsid binding to the NPC [21], and
mutation of the pUL36 NLS produces a replication incompetent virus that accumulates capsids at the
microtubule organizing center (MTOC) [67]. Biochemical evidence suggests that initial contact
between the capsid and the NPC occurs between pUL25 and the phenylalanine-glycine (FG)-repeat
domain of Nup214 yet depletion of Nup214 only delays viral DNA nuclear import [20]. Similarly,
Nup358 silencing also attenuates capsid attachment to the NPC [21]. Nup358 and Nup214 are known
to interact, making it tempting to speculate that they constitute a complex that is targeted by HSV
capsids [20]. Once bound to the NPC, pUL36 and pUL25 play a central role in uncoating and DNA
release [68,69]. A hypothetical model of DNA translocation suggests that the accumulated pressure
within the capsid after initial packaging of the viral DNA is the driving force that propels the genome
through the central channel, and as it enters the nucleoplasm, RNA polymerase acts to pull the
remaining genome through as transcription occurs [66].

HSV gene expression is temporally regulated and requires the viral protein ICP27 to transport
intronless viral mRNA into the cytoplasm. The mechanism of viral mRNA export is dependent upon
NXF1 [22] but ICP27 is also able to shuttle independent of NXF1 [23]. Co-immunoprecipitation and
in vitro binding assays indicate that ICP27 interacts with Nup62 in the absence of viral RNA and other
viral proteins suggesting that ICP27 may utilize the NPC directly for its own export [23]. Expression
of ICP27 disrupts host protein import by imposing a blockade on both the classical NLS-mediated and
the transportin 1/M9 NLS-mediated import pathways through an unknown mechanism [23].

Microarray analysis of mock and HSV-I-infected primary rat embryonic fibroblast reveals that
HSV-1 decreases Nup153 gene expression by greater than 3-fold [24], while immunofluorescence of
HSV-1-infected cells indicates that Nup153 is dislocated to the cytoplasm at early times post-infection
(Figure 3A) [70]. The HSV-1 specific effects on Nup153 may contribute to the blockade in nuclear
import, as Nup153 is critical for this process [71]. It has also been suggested that nuclear import is
inhibited directly by ICP27 competing with cargo proteins (GFP-M9 and GFP-NLS) for binding to
transport receptors [23]. A recent study of the protein kinase BGLF4 from the gammaherpesvirus
Epstein-Barr virus (EBV) indicates that BGLF4 binds to Nup62 and Nup153 and appears to induce
reorganization of NPC, although functional effects on nucleocytoplasmic transport have yet to be
determined [25].

Nucleocapsid assembly and viral DNA packaging occur in the nucleus, making the host transport
machinery necessary for import of viral regulatory, capsid and tegument proteins. DNA-containing
HSV capsids egress from the nucleus by budding into the inner nuclear membrane thereby acquiring a
primary envelope in the perinuclear space (Figure 3A) [72]. The “naked” virion is then released into
the cytoplasm through a second fusion event between its primary envelope and the outer nuclear
membrane, in a process called de-envelopment (Figure 3A) [72]. Though this NE budding model is
now widely accepted, HSV-1 infection appears to have a significant impact on NPC size and
architecture (Figure 3A) [70,73]. The HSV assault on the NE, causes NPC channels to dilate to greater
than 140 nm without any loss of nuclear material from the nucleoplasm (as seen by high-resolution
microscopy [70]) or alterations in total Nups (as visualized by Western blot analysis [73]).

In summary, HSV first hijacks the NPC for genomic DNA import and at early times post-infection
blocks host protein import possibly through alteration in the composition of the NPC. At later times
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post-infection, although HSV egress occurs through the NE the virus appears to cause secondary
effects on the NPC channel size, which may have yet to be determined functions in HSV replication.

Figure 3. Changes to the NPC by viruses during nuclear export. Schematic representations
of the different mechanisms by which 6 viruses subvert various Nups in order to facilitate
nuclear export. (A) HSV-1 capsids exit the nucleus via a process of primary envelopment
and de-envelopment. Secondary effects include dilation of the NPC channel and
redistribution of Nupl53. (B) Enteroviruses replicate in the cytoplasm and induce
degradation of Nup62, Nup98 and Nup153 by the protease 2AP™ (scissors). (C) Cardiovirus
infection induces hyperphosphorylation (P) of Nup62, Nup98, Nupl53 and Nup214.
(D) Influenza A downregulates the expression of Nup98 and relocalizes Nup62 to the
cytoplasm. (E) VSV M protein inhibits mRNA export through an interaction with the
Rael-Nup98 complex in the nucleoplasm. (F) HIV-1 Rev-mediated vVRNA export is
CRM1-dependent and causes the displacement of Nup62 into the cytoplasm.
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4. Picornaviruses

The picornavirus genome consists of a single-stranded, positive-sense RNA molecule, which is
enclosed within an icosahedral capsid. All members of the Picornaviradae family encode a single
polyprotein that is co- and post-translationally processed by the virus-encoded protease, 3CP™.
Enteroviruses, such as rhinoviruses and polioviruses (etiological agents of the common cold and polio,
respectively) also encode a second protease 2A"°, while cardioviruses encode a leader (L) protein.
These proteases are not only necessary to generate active viral proteins but are also responsible for
modulating a large number of cellular processes through the cleavage of a wide variety of host proteins [74].

The picornavirus life cycle occurs entirely in the cytoplasm and consequently requires the
relocalization of a number of host nuclear proteins to promote successful virus replication. In
poliovirus-infected cells, many nuclear resident proteins, including La, Sam68, nucleolin and
polypyrimidine tract binding protein (PTB) display an aberrant cytoplasmic localization [75-78].
Poliovirus affects both the classical NLS and transportin 1 import pathways. A green fluorescent
protein (GFP) fusion to either the classical NLS (GFP-NLS) or the M9 (GFP-M9NLYS) signal sequence
localize GFP to the nucleus in uninfected cells, whereas poliovirus-infected cells cause an accumulation
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of the GFP-NLS and the GFP-MINLS proteins in the cytoplasm indicating that both protein import
pathways are disrupted [26]. However, evidence suggests that CRMI1-dependent export remains
functional [26] and that mRNAs are exported normally [28]. By contrast, the cardiovirus
encephalomyocarditis virus (EMCV) accumulates nuclear proteins in the cytoplasm by increasing the
permeability of the NE and by changing existing protein export rather than blocking newly synthesized
protein import [79].

Enterovirus and cardiovirus infections alter the composition of the NPC to relocalize a subset of
nuclear proteins to the cytoplasm. In poliovirus-infected cells, cargo-receptor complexes are unable to
dock at the NPC, which results in the cytoplasmic accumulation of nuclear proteins [26]. The
virus-induced mechanism that forces the selective retention of nuclear proteins in the cytoplasm is
associated with alteration in the NPC composition and permeability of the NE. Fluorescence and
electron microscopy indicate that the NPC in poliovirus-infected cells contains decreased quantities of
Nups [26,80]. The compositional alterations in the NPC are attributed to enterovirus-induced
degradation of Nup62, Nup98 and Nupl53, which are all critical for nucleocytoplasmic shuttling
(Figure 3B) [26-28]. Proteolysis of these three FG-Nups have different kinetics with cleavage of
Nup98 early, followed by Nup62 and Nup153 at later times post-infection, the latter coinciding with a
block in import of multiple nuclear proteins [26,28]. The protease 2AP™ appears to be directly
responsible for the degradation of the Nups as addition of the protease inhibitor, MPCMK abrogates
the redistribution of nuclear resident proteins [80].

By contrast, cardiovirus-infected cells have hyperphosphorylated Nup62, Nup98, Nupl53 and
Nup214 (Figure 3C) [29,30]. Nup phosphorylation is L protein-dependent as expression of a zinc finger
domain mutant L protein is unable to hyperphosphorylate Nups, whereas expression of the L protein
alone does [81,82]. The L protein lacks any enzymatic function and evidence suggests that the L protein
subverts host protein kinases to induce Nup phosphorylation by an unknown mechanism [81,82].
Another cardiovirus, Theiler’s murine encephalomyelitis virus (TMEV) prevents export of cellular
mRNAs, which is indicated by the nuclear retention of polyA+ RNA by in situ hybridization in L
protein expressing cells [30]. Interestingly, TMEV infection inhibits transcription of selected cytokine
and chemokine genes, which are typically activated during viral infection [30]. In response to a viral
infection, IRF-3 (IFN regulated factor-3) dimerizes and translocates to the nucleus to activate genes
necessary to mount an anti-viral response. During a TMEV infection, the L protein is capable of
blocking IRF-3 dimerization to antagonize host innate defenses [30]. It is interesting that enteroviruses
degrade and cardioviruses hyperphosphorylate the same subset of Nups to alter the NPC function to
acquire the necessary host nuclear proteins and to promote its cytoplasmic replication cycle.

5. Orthomyxoviruses

The Orthomyxoviridae tfamily includes the influenza A virus, which causes annual epidemics of
respiratory disease. The viral genome consists of eight single-stranded negative sense polarity RNAs,
which are packaged with the nucleoprotein (NP) and the RNA-dependent RNA polymerase complex
(PB2, PB1 and PA subunits) to form a viral ribonucleoprotein (vVRNP) [83].

The influenza A virion is comprised of a lipid envelope studded with glycoprotein spikes of
hemagglutinin (HA), which mediate virus attachment and entry by endocytosis [84]. In stark contrast
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to most other RNA viruses, replication and transcription of the influenza A virus genome occurs in the
nucleus. Virion escape from the endosomal compartment releases the VRNP into the cytoplasm, where
it is rapidly trafficked and imported into the nucleus (Figure 2C). The classical importin o/p transport
system mediates import of the vVRNP, although all the viral protein components of the VRNP have an
NLS, it is unclear which protein is responsible for nuclear import. A number of studies have identified
various members of the importin a family as interacting with NP and PB2 [31-33].

Independent genome-wide screens identify many host factors involved in nucleocytoplasmic
transport that are crucial for influenza A virus, which include importin subunit 1 (KPNB1), CRMI,
NXF1, Nup98 and Nup153 [34,35,40,47,85]. The precise roles of most of these hits in vVRNP nuclear
transport have yet to be defined.

After replication, the RNA genome assembles into the VRNP nuclear export complex with the viral
proteins: Nuclear Export Protein (NEP, also known as NS2) and the matrix protein M1 [86]. Indirect
immunofluorescence of VRNP protein components indicates that LMB treatment causes retention of
NP in the nucleus, suggesting that CRM1 plays a role in the export of the influenza A vRNP [36,37].
NEP contains an NES that is recognized by CRM1 and bridges the binding of CRM1 to the M1 protein
[87—-89]. However, a recent study using fluorescence in situ hybridization (FISH) analyses to localize
virus mRNA and vVRNA in influenza A-infected cells indicates that CRMI-depletion causes no
significant difference in the export of influenza A virus RNA, whereas knockdown of NXF1
segregates influenza A virus mRNA and vRNA in the nucleus and adversely effects influenza A virus
titers [38].

To date, influenza A virus appears to subvert two FG-Nups. Similar to HIV-1 [54], influenza A
virus redistributes Nup62 to the cytoplasm in infected cells (Figure 3D), and Nup62 depletion
sequesters viral mRNA and vRNA in the nucleus, which subsequently results in reduced virus
titers [38]. Two-hybrid and luciferase assays indicate that the interferon-inducible protein Nup98 [90]
interacts with NEP via its N-terminal FG-repeat domain [41]. Overexpression of the Nup98 GLFG-repeat
domain appears to act as a dominant negative, which results in decreased virus propagation [41],
whereas knockdown of Nup98 has no significant effect on either virus replication or export of viral
RNA from the nucleus [38]. Influenza A virus downregulates the expression of Nup98 (Figure 3D) and
sequesters key constituents (NXF1, pl5, Rael, EIB-AP5) of the mRNA export machinery to
selectively inhibit export of host mRNA that encode proteins related to host immune responses, such
as IRF-1, MHC I and ICAM-1 [39,41]. Additionally, influenza A virus impairs the export of host
CRMI substrates from the nucleus as infected cells retain an NES-containing GFP fusion protein in the
nucleus [86]. Taken together, influenza A virus appears to impair both host mRNA export machinery
and CRM1-dependent export in order to favor virus replication and dampen the antiviral response.

6. Rhabdoviruses

Vesicular stomatitis virus (VSV) is the prototypical member of the Rhabdoviridae family and
causes an acute vesicular disease in cattle, horses, swine and occasionally humans. This bullet-shaped,
enveloped, single-stranded RNA virus encodes five proteins: the nucleoprotein (N), the
phosphoprotein (P), the matrix protein (M), the glycoprotein (G) and the large polymerase protein (L)
and replicates in the cytoplasm. VSV displays a broad tropism and robust infectivity that is mediated
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by its surface glycoprotein, VSV-G, binding to a somewhat disputed cell surface lipid
(phosphatidylserine) or protein (LDL receptor) [91-93]. VSV attachment to the host cell results in
internalization by endocytosis and escape of the VRNP into the cytoplasm upon endosomal pH
acidification. The RNA-polymerase complex (N, P, L) produces the five viral transcripts in the
cytoplasm and replicates the VSV genome. Finally, the virus assembles particles, which exit the cell
by budding at the plasma membrane.

During a VSV infection, the M protein imposes a global blockade on host gene expression at the
level of transcription, translation and mRNA export [94]. The M protein lacks any known enzymatic
function and in addition to an important role in virion assembly and budding, it has been proposed to
inhibit host gene expression by binding directly to host factors and altering their functions. In
transfected cells, overexpression of a M-GFP fusion protein localizes to the nucleus and cytoplasm
with a proportion of M-GFP colocalizing with NPC proteins at the NE [42,95].

The impact of M protein on nuclear import is a point of contention. While some evidence indicates
that VSV blocks protein and RNP import [96,97], other data argue against this role [43,98,99].
Nonetheless, VSV exerts a clear effect on mRNA export with the M protein targeting the complex of
Nup98 and the nuclear basket protein, Rael (Figure 3E) [42,43,100]. The M-Rael-Nup98 complex
interacts with chromatin in the nucleus [100]. VSV-infected cells depleted for Rael have unaltered
levels of host mRNA nuclear accumulation, however in the absence of Rael, VSV was unable to
maintain its inhibition on host transcription [100]. Taken together, a new model proposes that the
Rael-Nup98 complex acts as a platform for M protein to interact with other host proteins essential for
host transcription [100].

VSV subverts the NPC to evade a number of different host cell innate immune responses. Confocal
microscopy analysis shows that the mRNA export factors, hnRNP A1, K and C1/C2 relocalize to the
cytoplasm during VSV infection [99]. Interestingly, depletion of hnRNP A1l does not affect virus
growth or protein synthesis, or the shutoff of host translation, however, VSV-infected cells progress to
apoptosis more slowly than non-depleted cells [99]. In contrast to other viruses that promote
replication by redistributing hnRNP A1l to the cytoplasm [101-103], the authors suggest that the
Rael-dependent relocalization of hnRNP Al is a host anti-viral response that induces hnRNP
Al-dependent expression of genes involved in upregulating apoptosis [99]. Many viruses block the
IFN pathway as a means to evade the host’s innate immunity. IFN strongly inhibits VSV growth and
therefore VSV has evolved to obstruct production of IFN in infected cells by specifically blocking the
transport of a subset of host mRNAs. For example, transcription of IFN-f, IL-6 and c-Jun mRNA is
induced by VSV infection and nearly 100% of these transcripts accumulate in the nucleus [100,104].
There is little evidence for the trapping of housekeeping gene mRNA, such as actin, in the nucleus due
to the imposed VSV blockade of host transcription [100]. Inhibition of host gene expression at
multiple levels, including nucleocytoplasmic transport by the VSV M protein provides the virus with a
great advantage in evasion of host innate immune responses.

7. Retroviruses

Retroviruses are enveloped, positive-strand RNA viruses that synthesize complementary DNA
(cDNA) by reverse transcription before incorporating this proviral cDNA into the host chromosome.
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Nuclear import of the proviral cDNA from gammaretroviruses, such as murine leukemia virus (MLV)
occurs solely during cell division. By contrast, lentiviruses have a unique ability to access the nucleus
in the absence of mitosis. This section focuses on the lentivirus human immunodeficiency virus 1
(HIV-1), the causative agent of acquired immunodeficiency syndrome (AIDS).

The HIV-1 virion enters the host cell by membrane fusion, which is triggered upon binding of the
envelope viral glycoprotein to the CD4" receptor and a specific co-receptor (CXCR4 or CCR5) [105].
Uncoating of the incoming HIV-1 virion delivers two single-stranded RNA genomes into the
cytoplasm for reverse transcription into cDNA, which associates with viral and cellular proteins to
form the pre-integration complex (PIC) (Figure 2D) [106]. Several NLS-containing viral proteins have
been implicated in nuclear translocation of the PIC such as integrase (IN), the viral protein R (Vpr) and
the matrix (MA) protein, however their exact contributions have yet to be determined. IN interacts
with soluble import receptors [107-109], while Vpr may play a role in targeting the PIC to the
NPC [110,111]. However, accumulating experimental evidence suggests that the capsid (CA) protein
is involved in driving PIC nuclear import [112,113].

A variety of large-scale screens identify a number of Nups and transport receptors that are
modulated at the transcriptional and translational level in the presence of HIV-1. Quantitative
proteomic screens of whole HIV-1 infected CD4" and primary T cells pinpoint changes in the
abundance of proteins involved in nucleocytoplasmic transport [114—116]. As a refinement on these
studies, proteomic analyses on the NE of HIV-1-infected T cells demonstrate that the NPC undergoes
extensive compositional changes in the presence of HIV-1 with a significant decrease in 18 of the 30
Nups without compromising the integrity of the NE or NPC [54]. High throughput RNA interference
(RNAI) screens define a list of NPC components as being necessary host co-factor for HIV-1 infection,
including Nup98, Nup85, Nup133, Nupl07, Nupl160, Nup153, Nup214, Nup358, Nupl55, CRM1
(XPO1) and the nuclear import receptor transportin 3 (TNPO3) [46,47,49]. Additionally, a recent
microarray study of mock and HIV-I-infected human primary CD4" T lymphocytes indicates that
Nup50 is downregulated and Nup62 is upregulated at 24 hours post-infection [52]. The functions of
these nuclear transport factors and NPC proteins in HIV-1 infection have yet to be defined, although
HIV-1 infectivity is clearly reduced upon depletion of Nup358 and TNPO3 [46,48,51,117-119].
Structural and biochemical analyses directly show that Nup358 interacts with CA to facilitate docking
of the PIC at the NPC [44,118,120]. Additionally, the nuclear basket also appears to participate in PIC
translocation by promoting exit into the nucleus [44]. Regardless of the contradictory evidence that
surrounds Nup153 interacting with IN [45,121], CA seems to be the dominant determinate in Nup153
dependency as demonstrated by CA HIV-1 mutants being insensitive to Nup153 depletion and the
ability of HIV-1 cores to interact directly with Nup153 [45,48,122,123].

It is interesting to note that the NPC is not only critical for nuclear import of the PIC but also plays
a role in directing the integration of the proviral cDNA into the host chromosome (Figure 3F)
[45,46,108,119,122,124]. Specifically, Nup62, Nup153 and Nup98 can be found in the nucleoplasm
and have been shown to play a role in integration of viral cDNA into the host chromosome [44,53].

Splicing is required for nuclear export of mRNA but retroviruses produce unspliced, singly spliced
and multiply spliced mRNAs and therefore need to export full-length transcripts that contain introns
through the NPC [125]. The viral protein Rev mediates export of these intron-containing transcripts by
binding to a specific sequence called the Rev response element (RRE). Rev encodes an NES, which
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serves to recruit CRM1 with Ran/GTP to the HIV-1 RNA RRE and together these form the viral
ribonucleoprotein (VRNP) transport complex [50]. Evidence suggests that the vRNP interacts
indirectly with Nup214, Nup153, Nup98 and Nup62 through different Rev co-factors to mediate
nuclear export [126—128]. Indirect immunofluorescence demonstrates that lamin A/C is intact in
HIV-1-infected cells but a distinct redistribution of Nup62 from a NE localization to the cytoplasm
(Figure 3F) [54]. Expression studies show that this dramatic relocalization is dependent on
Rev-mediated viral genomic RNA (VRNA) export [54]. Accompanying the cytoplasmic translocation
is an apparent thickening of the Nup62 immunofluorescence signal at the NE [54]. Interestingly,
immunogold staining of Nup62 and immunoblot analysis of purified virions identify Nup62 as an
incorporated, virion-associated protein and suggests that Nup62 may be important for HIV-1 assembly
or infectivity [54]. In agreement with this hypothesis, examination of VRNA localization by FISH in
Nup62 depleted cells causes sequestration of VRNA in the nucleus, which is likely responsible for the
observed decrease in viral gene expression, virus production and infectivity [54].

A number of host cell proteins are involved in HIV-1 nuclear transport at different stages in the
virus life cycle, which appears to affect the localization of other host proteins. For example, HIV-1
imposes a blockade to the nuclear import of heterogeneous nuclear RNPs (hnRNPs) Al, A2 and D
(AUF1) and the transport receptor, transportin 1 [103,129,130]. The RNA binding protein, hnRNP Al,
shuttles between the nucleus and the cytoplasm and plays a role in pre-mRNA processing, metabolism
and transport. Altering the composition of the NPC leads to the accumulation of hnRNP Al in
the cytoplasm and allows the virus to positively regulate HIV-1 internal ribosome entry site
(IRES)-mediated vRNA translation [103], similar to enterovirus 71 [101].

HIV-1 utilizes components of the NPC for both PIC import and Rev-vRNA RNP export but
subversion of Nups may also a play key role in other cellular processes at various stages of HIV-1
replication, such as determining site of cDNA integration [45].

8. Hepadnaviruses

Hepadnaviruses are species-specific pathogens that are responsible for liver infections in humans
and animals. Hepatitis B virus (HBV) is the best-known member of the Hepadnaviridae tamily.
Studies with HBV are complicated by the lack of a convenient tissue culture model, forcing the use of
duck HBV as a model for the human disease.

A recent study suggests that HBV enters a transduced primary human hepatocyte cell line by
clathrin-mediated endocytosis [131]. Upon escape of the virion from the endosomal system by
membrane fusion, these cytoplasmic capsids range in size between 36 and 32 nm in diameter [132] and
travel along microtubules toward the nucleus [133]. In the nucleus, the covalently closed circular
genomic DNA is transcribed into pregenomic RNA (pgRNA). The pgRNA is exported into the
cytoplasm via an unknown mechanism to act as a template for core protein and viral polymerase
translation; it can also be encapsidated to form immature capsids. Mature infectious virions are
enveloped and contain a partially double stranded DNA genome, which is generated by reverse
transcription of the virion associated pgRNA [134]. Consequently, the cytoplasm can at once harbor
both mature (DNA-containing) and immature (RNA-containing) virus particles.
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As opposed to other DNA viruses, HBV capsids are imported intact through the NPC by an active
mechanism and undergo uncoating once in the nucleus (Figure 2E) [3]. HBV particles are composed of
NLS-containing capsid proteins, which only interact with importin a and  upon phosphorylation to
expose the NLS sequences [135,136]. Mature and immature capsids are both transported into the
nuclear basket of the NPC, however only mature capsids disintegrate to release the DNA genome into
the nucleus while immature capsids are completely arrested in the basket (Figure 2E) [55,136,137].
The Nup153 FxFG-repeat domain binds HBV capsids and depletion of Nup153 causes a significant
increase in the quantity of immature capsids within the nucleoplasm, suggesting that Nupl53 is
responsible for the selective release of the HBV genome [55]. Schmitz and colleagues examine protein
translocation using NLS-BSA and M9-BSA constructs and demonstrate that immature arrested HBV
capsids interfere with Nup153, which results in a blockade of the importin B-mediated nuclear import
but not the transportin pathway [55].

9. Conclusions and Perspectives

Viruses, DNA viruses especially, need to import their genomes into the nucleus to propagate
because they rely on the host’s DNA replication and/or transcription machineries. The NPC channel
diameter imposes a size limitation for passive diffusion and demands active transport for viral
genomes and their associated protein multiplexes. Virus families have evolved different strategies to
breach the NPC but the restriction on size requires most viruses to shed their capsid before importing
their genomes. The entirely or partially intact capsids of herpesvirus and adenovirus, respectively,
dock at the NPC before uncoating to release their DNA genomes into the nucleus, whereas retrovirus
and orthomyxovirus capsids undergo cytoplasmic uncoating steps that result in import of the viral
genome (DNA or RNA) as a complex with viral proteins. By contrast, smaller hepadnavirus capsids
remain intact during transit through the NPC, which allows uncoating and DNA release to occur once
inside the nucleus.

Different mechanisms of nuclear import are emerging as nuclear entry is studied more extensively.
For example, the distantly related lentiviruses HIV-1 and FIV (feline immunodeficiency virus) appear
to have distinct mechanisms of nuclear import [48]. This difference may stem from different
specie-specific viral tissue or co-factor requirements. It is interesting to note that a single mutation of
one amino acid residue in HIV-1 CA can mimic the dependence of the FIV on certain Nups
demonstrating a remarkable flexibility in HIV-1 nuclear transport as the virus can utilize various host
factors for import [48]. This work particularly highlights the role of CA in nuclear transport, which has
only recently been identified as the driving force behind PIC nuclear import [51]. Previously, IN, Vpr
and MA had been implicated in nuclear transport as they all encode NLS signals and IN was shown to
interact with various import receptors [138], implying that the presence of an NLS does not necessarily
confirm a role in nuclear import and should be evaluated with caution.

Conflicting evidence also exists in terms of the host factors involved in transport. For example,
there is a debate as to whether Nup214 or Nup358 is more important for HSV-1 docking to the NPC
during infection [20,21]. The NPC is made up of multiple subunit complexes and the disruption of one
can often affect the localization of another, which is true for the depletion of Nup214 causing a loss of
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Nup358 in the NPC [21,139]. The silencing of essential pore components can alter the overall structure
of the NPC and complicate data interpretation.

Viral protein synthesis requires export of mRNA transcripts into the cytoplasm and newly
synthesized viral proteins may require re-import in order to assemble virus particles in the nucleus, for
example. To replicate efficiently, viruses require a large NPC trafficking capacity and may necessitate
shutting down unnecessary host protein transport pathways, which also reduces the competition for
host translational machineries in the cytoplasm. Imposing a blockade on the selective nuclear import is
one way in which HIV-1 and poliovirus induce the mislocalization of certain nuclear proteins that they
require for their replication.

Viruses alter the NPC composition using a variety of different mechanisms to facilitate
nucleocytoplasmic transport. Many viruses target Nup153 and Nup62 for degradation or relocalization,
which may be an important mechanism that drives the subversion of the NPC. Nup153 and Nup62 are
required for the classical import pathway [140,141] but loss of these FG-Nups may disrupt other
transport pathways as well. Recent work shows that Nups participate in a number of other cellular
processes in addition to nucleocytoplasmic shuttling [142,143]. Subversion of Nups and inhibition of
nucleocytoplasmic transport by viruses may be a key contributor to viral evasion of host antiviral
response pathways. The interferon response pathway is known to require STAT (signal transducers
and activators of transcription) nuclear import to activate genes encoding anti-viral functions.
Therefore, preventing the import of STAT may be a strategy that viruses use to reduce the
effectiveness of the interferon response [144]. Influenza A virus specifically blocks host mRNA export
and downregulates the expression of the interferon inducible gene Nup98 [39]. Treatment with
interferon induced the expression of Nup98 and restored mRNA transport, suggesting that modulating
the expression of Nup98 might be a strategy to evade or antagonize innate immune responses [90].
Similarly, VSV specifically blocks the export of IFN-B, IL-6 and c-Jun mRNA, all of which are
upregulated in VSV-infected cells [100,104]. Other virus proteins that affect a wide spectrum of host
cell pathways including immune responses such as the NS5 (non-structural protein 5) of dengue virus
might manipulate nuclear transport or NPC components.

In this review, we highlight the requirements for different host factors in the nuclear import and
export of viral nucleic acids and proteins. The NPC is a key target of virus subversion and may provide
the basis for developing antiviral compounds for therapeutic intervention that not only target viral
proteins but also their interacting partners, karyopherins or Nups.

Acknowledgments

We thank Fernando Valiente-Echeverria, Sean Seltzer and Anne Monette for their helpful
comments on this manuscript. A.J.M. is supported by grants from the Canadian Institutes of Health
Research (#MOP-56974 & #MOP-38111). Apologies are extended to colleagues whose studies were
not cited because of space limitations.

Conflict of Interest

The authors declare no conflict of interest.



Viruses 2013, 5 2033

References and Notes

1.

10.

1.

12.

13.

14.

15.

16.

Kramer, A.; Ludwig, Y.; Shahin, V.; Oberleithner, H. A pathway separate from the central
channel through the nuclear pore complex for inorganic ions and small macromolecules. J. Biol.
Chem. 2007, 282, 31437-31443.

Mohr, D.; Frey, S.; Fischer, T.; Guttler, T.; Gorlich, D. Characterisation of the passive permeability
barrier of nuclear pore complexes. EMBO J. 2009, 28, 2541-2553.

Pante, N.; Kann, M. Nuclear pore complex is able to transport macromolecules with diameters of
about 39 nm. Mol. Biol. Cell 2002, 13, 425434,

Cronshaw, J.M.; Krutchinsky, A.N.; Zhang, W.; Chait, B.T.; Matunis, M.J. Proteomic analysis of
the mammalian nuclear pore complex. J. Cell Biol. 2002, 158, 915-927.

Alber, F.; Dokudovskaya, S.; Veenhoff, L.M.; Zhang, W.; Kipper, J.; Devos, D.; Suprapto, A.;
Karni-Schmidt, O.; Williams, R.; Chait, B.T.; et al. Determining the architectures of macromolecular
assemblies. Nature 2007, 450, 683—694.

Alber, F.; Dokudovskaya, S.; Veenhoff, L.M.; Zhang, W.; Kipper, J.; Devos, D.; Suprapto, A.;
Karni-Schmidt, O.; Williams, R.; Chait, B.T.; et al. The molecular architecture of the nuclear
pore complex. Nature 2007, 450, 695-701.

Hoelz, A.; Debler, E.W.; Blobel, G. The structure of the nuclear pore complex. Annu. Rev.
Biochem. 2011, 80, 613—643.

Kopito, R.B.; Elbaum, M. Reversibility in nucleocytoplasmic transport. Proc. Natl. Acad. Sci. USA
2007, 104, 12743—-12748.

Wente, S.R.; Rout, M.P. The nuclear pore complex and nuclear transport. Cold Spring Harb.
Perspect. Biol. 2010, 2, a000562.

Cohen, S.; Au, S.; Pante, N. How viruses access the nucleus. Biochim. Biophys. Acta 2011, 1813,
1634-1645.

Cohen, S.; Etingove, 1.; Panté, N. Effect of viral infection on the nuclear envelope and nuclear
pore complex. Int. Rev. Cell Mol. Biol. 2012, 117-159.

Kobiler, O.; Drayman, N.; Butin-Israeli, V.; Oppenheim, A. Virus strategies for passing the
nuclear envelope barrier. Nucleus 2012, 3, 526-539.

Saphire, A.C.; Guan, T.; Schirmer, E.C.; Nemerow, G.R.; Gerace, L. Nuclear import of
adenovirus DNA in vitro involves the nuclear protein import pathway and hsc70. J. Biol. Chem.
2000, 275, 4298—4304.

Strunze, S.; Trotman, L.C.; Boucke, K.; Greber, U.F. Nuclear targeting of adenovirus type 2
requires Crm1-mediated nuclear export. Mol. Biol. Cell 2005, 16, 2999-3009.

Strunze, S.; Engelke, M.F.; Wang, .LH.; Puntener, D.; Boucke, K.; Schleich, S.; Way, M,;
Schoenenberger, P.; Burckhardt, C.J.; Greber, U.F. Kinesin-1-mediated capsid disassembly and
disruption of the nuclear pore complex promote virus infection. Cell Host Microbe 2011, 10,
210-223.

Trotman, L.C.; Mosberger, N.; Fornerod, M.; Stidwill, R.P.; Greber, U.F. Import of adenovirus
DNA involves the nuclear pore complex receptor Can/Nup214 and histone H1. Nat. Cell Biol.
2001, 3, 1092-1100.



Viruses 2013, 5 2034

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hindley, C.E.; Lawrence, F.J.; Matthews, D.A. A role for transportin in the nuclear import of
adenovirus core proteins and DNA. Traffic 2007, 8, 1313-1322.

Yatherajam, G.; Huang, W.; Flint, S.J. Export of adenoviral late mRNA from the nucleus
requires the Nxfl/Tap export receptor. J. Virol. 2011, 85, 1429-1438.

Ojala, P.M.; Sodeik, B.; Ebersold, M.W.; Kutay, U.; Helenius, A. Herpes simplex virus type 1
entry into host cells: Reconstitution of capsid binding and uncoating at the nuclear pore complex
in vitro. Mol. Cell Biol. 2000, 20, 4922-4931.

Pasdeloup, D.; Blondel, D.; Isidro, A.L.; Rixon, F.J. Herpesvirus capsid association with the
nuclear pore complex and viral DNA release involve the nucleoporin Can/Nup214 and the capsid
protein pUL2S. J. Virol. 2009, 83, 6610-6623.

Copeland, A.M.; Newcomb, W.W.; Brown, J.C. Herpes simplex virus replication: Roles of viral
proteins and nucleoporins in capsid-nucleus attachment. J. Virol. 2009, 83, 1660—1668.

Johnson, L.A.; Li, L.; Sandri-Goldin, R.M. The cellular RNA export receptor TAP/NXF1 is
required for ICP27-mediated export of herpes simplex virus 1 RNA, but the TREX complex
adaptor protein Aly/REF appears to be dispensable. J. Virol. 2009, §3, 6335-6346.

Malik, P.; Tabarraei, A.; Kehlenbach, R.H.; Korfali, N.; Iwasawa, R.; Graham, S.V.; Schirmer, E.C.
Herpes simplex virus ICP27 protein directly interacts with the nuclear pore complex through NUP62,
inhibiting host nucleocytoplasmic transport pathways. J. Biol. Chem. 2012, 287, 12277-12292.
Ray, N.; Enquist, L.W. Transcriptional response of a common permissive cell type to infection
by two diverse alphaherpesviruses. J. Virol. 2004, 78, 3489-3501.

Chang, C.W.; Lee, C.P.; Huang, Y.H.; Yang, P.W.; Wang, J.T.; Chen, M.R. Epstein-barr virus
protein kinase BGLF4 targets the nucleus through interaction with nucleoporins. J. Virol. 2012,
86, 8072—-8085.

Gustin, K.E.; Sarnow, P. Effects of poliovirus infection on nucleo-cytoplasmic trafficking and
nuclear pore complex composition. EMBO J. 2001, 20, 240-249.

Gustin, K.E.; Sarnow, P. Inhibition of nuclear import and alteration of nuclear pore complex
composition by rhinovirus. J. Virol. 2002, 76, 8787-8796.

Park, N.; Katikaneni, P.; Skern, T.; Gustin, K.E. Differential targeting of nuclear pore complex
proteins in poliovirus-infected cells. J. Virol. 2008, §2, 1647—1655.

Porter, F.W.; Palmenberg, A.C. Leader-induced phosphorylation of nucleoporins correlates with
nuclear trafficking inhibition by cardioviruses. J. Virol. 2009, 83, 1941-1951.

Ricour, C.; Delhaye, S.; Hato, S.V.; Olenyik, T.D.; Michel, B.; van Kuppeveld, F.J.; Gustin, K.E.;
Michiels, T. Inhibition of mRNA export and dimerization of interferon regulatory factor 3 by
theiler’s virus leader protein. J. Gen. Virol. 2009, 90, 177-186.

Gabriel, G.; Herwig, A.; Klenk, H.D. Interaction of polymerase subunit PB2 and NP with
importin al is a determinant of host range of influenza a virus. PLoS Pathog. 2008, 4, el 1.
Sasaki, Y.; Hagiwara, K.; Kakisaka, M.; Yamada, K.; Murakami, T.; Aida, Y. Importin a3/Qip1
is involved in multiplication of mutant influenza virus with alanine mutation at amino acid 9
independently of nuclear transport function. PLoS One 2013, 8, e55765.

Tarendeau, F.; Boudet, J.; Guilligay, D.; Mas, P.J.; Bougault, C.M.; Boulo, S.; Baudin, F.;
Ruigrok, R.W.; Daigle, N.; Ellenberg, J.; et al. Structure and nuclear import function of the C-terminal
domain of influenza virus polymerase pb2 subunit. Nat. Struct. Mol. Biol. 2007, 14,229-233.



Viruses 2013, 5 2035

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Karlas, A.; Machuy, N.; Shin, Y.; Pleissner, K.P.; Artarini, A.; Heuer, D.; Becker, D.; Khalil, H.;
Ogilvie, L.A.; Hess, S.; et al. Genome-wide rnai screen identifies human host factors crucial for
influenza virus replication. Nature 2010, 463, 818—822.

Konig, R.; Stertz, S.; Zhou, Y.; Inoue, A.; Hoffmann, H.H.; Bhattacharyya, S.; Alamares, J.G.;
Tscherne, D.M.; Ortigoza, M.B.; Liang, Y.; et al. Human host factors required for influenza virus
replication. Nature 2010, 463, 813-817.

Elton, D.; Simpson-Holley, M.; Archer, K.; Medcalf, L.; Hallam, R.; McCauley, J.; Digard, P.
Interaction of the influenza virus nucleoprotein with the cellular Crm1-mediated nuclear export
pathway. J. Virol. 2001, 75, 408—419.

Watanabe, K.; Takizawa, N.; Katoh, M.; Hoshida, K.; Kobayashi, N.; Nagata, K. Inhibition of
nuclear export of ribonucleoprotein complexes of influenza virus by leptomycin B. Virus Res.
2001, 77, 31-42.

Morita, M.; Kuba, K.; Ichikawa, A.; Nakayama, M.; Katahira, J.; Iwamoto, R.; Watanebe, T.;
Sakabe, S.; Daidoji, T.; Nakamura, S.; et al. The lipid mediator protectin D1 inhibits influenza
virus replication and improves severe influenza. Cel/ 2013, 153, 112—-125.

Satterly, N.; Tsai, P.L.; van Deursen, J.; Nussenzveig, D.R.; Wang, Y.; Faria, P.A.; Levay, A.;
Levy, D.E.; Fontoura, B.M. Influenza virus targets the mrna export machinery and the nuclear
pore complex. Proc. Natl. Acad. Sci. USA 2007, 104, 1853—1858.

Hao, L.; Sakurai, A.; Watanabe, T.; Sorensen, E.; Nidom, C.A.; Newton, M.A.; Ahlquist, P.;
Kawaoka, Y. Drosophila RNAi screen identifies host genes important for influenza virus
replication. Nature 2008, 454, 890—893.

Chen, J.; Huang, S.; Chen, Z. Human cellular protein nucleoporin hNup98 interacts with
influenza A virus NS2/nuclear export protein and overexpression of its GLFG repeat domain can
inhibit virus propagation. J. Gen. Virol. 2010, 91, 2474-2484.

Von Kobbe, C.; van Deursen, J.M.; Rodrigues, J.P.; Sitterlin, D.; Bachi, A.; Wu, X.; Wilm, M.;
Carmo-Fonseca, M.; Izaurralde, E. Vesicular stomatitis virus matrix protein inhibits host cell
gene expression by targeting the nucleoporin Nup98. Mol. Cell 2000, 6, 1243—-1252.

Faria, P.A.; Chakraborty, P.; Levay, A.; Barber, G.N.; Ezelle, H.J.; Enninga, J.; Arana, C.; van
Deursen, J.; Fontoura, B.M. VSV disrupts the Rael/mrnp41 mRNA nuclear export pathway.
Mol. Cell 2005, 17, 93-102.

Di Nunzio, F.; Danckaert, A.; Fricke, T.; Perez, P.; Fernandez, J.; Perret, E.; Roux, P.; Shorte, S.;
Charneau, P.; Diaz-Griffero, F.; et al. Human nucleoporins promote HIV-1 docking at the
nuclear pore, nuclear import and integration. PLoS One 2012, 7, e46037.

Di Nunzio, F.; Fricke, T.; Miccio, A.; Valle-Casuso, J.C.; Perez, P.; Souque, P.; Rizzi, E.;
Severgnini, M.; Mavilio, F.; Charneau, P.; et al. Nup153 and Nup98 bind the HIV-1 core and
contribute to the early steps of HIV-1 replication. Virology 2013, 440, 8—18.

Konig, R.; Zhou, Y.; Elleder, D.; Diamond, T.L.; Bonamy, G.M.; Irelan, J.T.; Chiang, C.Y.; Tu, B.P.;
de Jesus, P.D.; Lilley, C.E.; et al. Global analysis of host-pathogen interactions that regulate
early-stage HIV-1 replication. Cel/ 2008, 135, 49-60.

Brass, A.L.; Dykxhoorn, D.M.; Benita, Y.; Yan, N.; Engelman, A.; Xavier, R.J.; Lieberman, J.;
Elledge, S.J. Identification of host proteins required for HIV infection through a functional
genomic screen. Science 2008, 3719, 921-926.



Viruses 2013, 5 2036

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lee, K.; Ambrose, Z.; Martin, T.D.; Oztop, 1.; Mulky, A.; Julias, J.G.; Vandegraaff, N.;
Baumann, J.G.; Wang, R.; Yuen, W.; et al. Flexible use of nuclear import pathways by HIV-1.
Cell Host Microbe 2010, 7, 221-233.

Zhou, H.; Xu, M.; Huang, Q.; Gates, A.T.; Zhang, X.D.; Castle, J.C.; Stec, E.; Ferrer, M.;
Strulovici, B.; Hazuda, D.J.; et al. Genome-scale RNAI1 screen for host factors required for HIV
replication. Cell Host Microbe 2008, 4, 495-504.

Bogerd, H.P.; Echarri, A.; Ross, T.M.; Cullen, B.R. Inhibition of human immunodeficiency virus
Rev and human T-cell leukemia virus Rex function, but not Mason-Pfizer monkey virus
constitutive transport element activity, by a mutant human nucleoporin targeted to Crm1. J. Virol.
1998, 72, 8627-8635.

Krishnan, L.; Matreyek, K.A.; Oztop, I.; Lee, K.; Tipper, C.H.; Li, X.; Dar, M.J.; Kewalramani,
V.N.; Engelman, A. The requirement for cellular transportin 3 (TNPO3 or TRN-SR2) during
infection maps to human immunodeficiency virus type 1 capsid and not integrase. J. Virol. 2010,
84, 397-406.

Imbeault, M.; Ouellet, M.; Tremblay, M.J. Microarray study reveals that HIV-1 induces rapid type 1
interferon-dependent p53 mRNA up-regulation in human primary CD4+ T cells. Retrovirology 2009,
6, doi:10.1186/1742-4690-6-5.

Ao, Z.; Jayappa, K.D.; Wang, B.; Zheng, Y.; Wang, X.; Peng, J.; Yao, X. Contribution of host
nucleoporin 62 in HIV-1 integrase chromatin association and viral DNA integration. J. Biol. Chem.
2012, 287, 10544-10555.

Monette, A.; Pante, N.; Mouland, A.J. HIV-1 remodels the nuclear pore complex. J. Cell Biol.
2011, 793, 619-631.

Schmitz, A.; Schwarz, A.; Foss, M.; Zhou, L.; Rabe, B.; Hoellenriegel, J.; Stoeber, M.; Pante, N.;
Kann, M. Nucleoporin 153 arrests the nuclear import of hepatitis B virus capsids in the nuclear
basket. PLoS Pathog. 2010, 6, ¢1000741.

Tomko, R.P.; Xu, R.; Philipson, L. Hcar and mcar: The human and mouse cellular receptors for
subgroup C adenoviruses and group B coxsackieviruses. Proc. Natl. Acad. Sci. USA 1997, 94,
3352-3356.

Puntener, D.; Engelke, M.F.; Ruzsics, Z.; Strunze, S.; Wilhelm, C.; Greber, U.F. Stepwise loss of
fluorescent core protein V from human adenovirus during entry into cells. J. Virol. 2011, 85,
481-496.

Scherer, J.; Vallee, R.B. Adenovirus recruits dynein by an evolutionary novel mechanism
involving direct binding to pH-primed hexon. Viruses 2011, 3, 1417-1431.

Suomalainen, M.; Greber, U.F. Uncoating of non-enveloped viruses. Curr. Opin. Virol. 2013, 3,
27-33.

Wolff, B.; Sanglier, J.J.; Wang, Y. Leptomycin B is an inhibitor of nuclear export: Inhibition of
nucleo-cytoplasmic translocation of the human immunodeficiency virus type 1 (HIV-1) Rev
protein and Rev-dependent mRNA. Chem. Biol. 1997, 4, 139-147.

Xue, Y.; Johnson, J.S.; Ornelles, D.A.; Lieberman, J.; Engel, D.A. Adenovirus protein VII
functions throughout early phase and interacts with cellular proteins set and pp32. J. Virol. 2005,
79, 2474-2483.



Viruses 2013, 5 2037

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Schmid, M.; Gonzalez, R.A.; Dobner, T. Crml-dependent transport supports cytoplasmic
accumulation of adenoviral early transcripts. J. Virol. 2012, 86, 2282-2292.

Roizman, B.; Knipe, D.M. Herpes simplex viruses and their replication. In Fields Virology, 4th ed.;
Knipe, D.M., Ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2001.

Heldwein, E.E.; Krummenacher, C. Entry of herpesviruses into mammalian cells. Cell Mol. Life
Sci. 2008, 65, 1653—1668.

Radtke, K.; Kieneke, D.; Wolfstein, A.; Michael, K.; Steffen, W.; Scholz, T.; Karger, A.; Sodeik, B.
Plus- and minus-end directed microtubule motors bind simultaneously to herpes simplex virus
capsids using different inner tegument structures. PLoS Pathog. 2010, 6, e1000991.

Liashkovich, 1.; Hafezi, W.; Kuhn, J.M.; Oberleithner, H.; Shahin, V. Nuclear delivery mechanism
of herpes simplex virus type 1 genome. J. Mol. Recognit. 2011, 24, 414-421.

Abaitua, F.; Hollinshead, M.; Bolstad, M.; Crump, C.M.; O’Hare, P. A nuclear localization
signal in herpesvirus protein VP1-2 is essential for infection via capsid routing to the nuclear
pore. J. Virol. 2012, 86, 8998-9014.

Jovasevic, V.; Liang, L.; Roizman, B. Proteolytic cleavage of VP1-2 is required for release of
herpes simplex virus 1 DNA into the nucleus. J. Virol. 2008, 82, 3311-3319.

Preston, V.G.; Murray, J.; Preston, C.M.; McDougall, .M.; Stow, N.D. The UL25 gene product
of herpes simplex virus type 1 is involved in uncoating of the viral genome. J. Virol. 2008, §2,
6654-6666.

Leuzinger, H.; Ziegler, U.; Schraner, E.M.; Fraefel, C.; Glauser, D.L.; Heid, I.; Ackermann, M.;
Mueller, M.; Wild, P. Herpes simplex virus 1 envelopment follows two diverse pathways. J. Virol.
2005, 79, 13047-13059.

Moroianu, J.; Blobel, G.; Radu, A. Rangtp-mediated nuclear export of karyopherin alpha
involves its interaction with the nucleoporin Nupl53. Proc. Natl. Acad. Sci. USA 1997, 94,
9699-9704.

Lee, C.P.; Chen, M.R. Escape of herpesviruses from the nucleus. Rev. Med. Virol. 2010, 20,
214-230.

Wild, P.; Senn, C.; Manera, C.L.; Sutter, E.; Schraner, E.M.; Tobler, K.; Ackermann, M.; Ziegler, U.;
Lucas, M.S.; Kaech, A. Exploring the nuclear envelope of herpes simplex virus 1-infected cells by
high-resolution microscopy. J. Virol. 2009, 83, 408—419.

Castello, A.; Alvarez, E.; Carrasco, L. The multifaceted poliovirus 2A protease: Regulation of
gene expression by picornavirus proteases. J. Biomed. Biotechnol. 2011, 2011, e369648.
Waggoner, S.; Sarnow, P. Viral ribonucleoprotein complex formation and nucleolar-cytoplasmic
relocalization of nucleolin in poliovirus-infected cells. J. Virol. 1998, 72, 6699-6709.

Back, S.H.; Kim, Y.K.; Kim, W.J.; Cho, S.; Oh, H.R.; Kim, J.E.; Jang, S.K. Translation of
polioviral mRNA is inhibited by cleavage of polypyrimidine tract-binding proteins executed by
polioviral 3Cpro. J. Virol. 2002, 76, 2529-2542.

McBride, A.E.; Schlegel, A.; Kirkegaard, K. Human protein Sam68 relocalization and interaction
with poliovirus RNA polymerase in infected cells. Proc. Natl. Acad. Sci. USA 1996, 93, 2296-2301.
Meerovitch, K.; Svitkin, Y.V.; Lee, H.S.; Lejbkowicz, F.; Kenan, D.J.; Chan, E.K.; Agol, V.L;
Keene, J.D.; Sonenberg, N. La autoantigen enhances and corrects aberrant translation of poliovirus
RNA in reticulocyte lysate. J. Virol. 1993, 67, 3798-3807.



Viruses 2013, 5 2038

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

Lidsky, P.V.; Hato, S.; Bardina, M.V.; Aminev, A.G.; Palmenberg, A.C.; Sheval, E.V
Polyakov, V.Y.; van Kuppeveld, F.J.; Agol, V.I. Nucleocytoplasmic traffic disorder induced by
cardioviruses. J. Virol. 2006, 80, 2705-2717.

Belov, G.A.; Lidsky, P.V.; Mikitas, O.V.; Egger, D.; Lukyanov, K.A.; Bienz, K.; Agol, V..
Bidirectional increase in permeability of nuclear envelope upon poliovirus infection and accompanying
alterations of nuclear pores. J. Virol. 2004, 78, 10166—-10177.

Bardina, M.V.; Lidsky, P.V.; Sheval, E.V.; Fominykh, K.V.; van Kuppeveld, F.J.; Polyakov, V.Y .;
Agol, V.I. Mengovirus-induced rearrangement of the nuclear pore complex: Hijacking cellular
phosphorylation machinery. J. Virol. 2009, 83, 3150-3161.

Porter, F.W.; Brown, B.; Palmenberg, A.C. Nucleoporin phosphorylation triggered by the
encephalomyocarditis virus leader protein is mediated by mitogen-activated protein kinases. J. Virol.
2010, 84, 12538-12548.

Cros, J.F.; Palese, P. Trafficking of viral genomic RNA into and out of the nucleus: Influenza,
thogoto and borna disease viruses. Virus Res. 2003, 95, 3—12.

Stegmann, T. Membrane fusion mechanisms: The influenza hemagglutinin paradigm and its
implications for intracellular fusion. 7raffic 2000, 1, 598—604.

Watanabe, T.; Watanabe, S.; Kawaoka, Y. Cellular networks involved in the influenza virus life
cycle. Cell Host Microbe 2010, 7, 427-439.

Chase, G.P.; Rameix-Welti, M.A.; Zvirbliene, A.; Zvirblis, G.; Gotz, V.; Wolff, T.; Naffakh, N.;
Schwemmle, M. Influenza virus ribonucleoprotein complexes gain preferential access to cellular
export machinery through chromatin targeting. PLoS Pathog. 2011, 7, €1002187.

Akarsu, H.; Burmeister, W.P.; Petosa, C.; Petit, I.; Muller, C.W.; Ruigrok, R.W.; Baudin, F.
Crystal structure of the M1 protein-binding domain of the influenza A virus nuclear export
protein (NEP/NS2). EMBO J. 2003, 22, 4646—4655.

O’Neill, R.E.; Talon, J.; Palese, P. The influenza virus NEP (NS2 protein) mediates the nuclear
export of viral ribonucleoproteins. EMBO J. 1998, 17, 288-296.

Yasuda, J.; Nakada, S.; Kato, A.; Toyoda, T.; Ishihama, A. Molecular assembly of influenza
virus: Association of the NS2 protein with virion matrix. Virology 1993, 196, 249-255.

Enninga, J.; Levy, D.E.; Blobel, G.; Fontoura, B.M. Role of nucleoporin induction in releasing
an mrna nuclear export block. Science 2002, 295, 1523—1525.

Finkelshtein, D.; Werman, A.; Novick, D.; Barak, S.; Rubinstein, M. Ldl receptor and its family
members serve as the cellular receptors for vesicular stomatitis virus. Proc. Natl. Acad. Sci. USA
2013, 710, 7306-7311.

Schlegel, R.; Willingham, M.C.; Pastan, [.LH. Saturable binding sites for vesicular stomatitis virus
on the surface of vero cells. J. Virol. 1982, 43, 871-875.

Schloemer, R.H.; Wagner, R.R. Cellular adsorption function of the sialoglycoprotein of vesicular
stomatitis virus and its neuraminic acid. J. Virol. 1975, 15, 882—893.

Lyles, D.S. Cytopathogenesis and inhibition of host gene expression by RNA viruses. Microbiol.
Mol. Biol. Rev. 2000, 64, 709-724.

Petersen, J.M.; Her, L.S.; Varvel, V.; Lund, E.; Dahlberg, J.E. The matrix protein of vesicular
stomatitis virus inhibits nucleocytoplasmic transport when it is in the nucleus and associated with
nuclear pore complexes. Mol. Cell Biol. 2000, 20, 8590-8601.



Viruses 2013, 5 2039

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

I11.

Her, L.S.; Lund, E.; Dahlberg, J.E. Inhibition of ran guanosine triphosphatase-dependent nuclear
transport by the matrix protein of vesicular stomatitis virus. Science 1997, 276, 1845—-1848.
Petersen, J.M.; Her, L.S.; Dahlberg, J.E. Multiple vesiculoviral matrix proteins inhibit both
nuclear export and import. Proc. Natl. Acad. Sci. USA 2001, 98, 8590—8595.

Belov, G.A.; Evstafieva, A.G.; Rubtsov, Y.P.; Mikitas, O.V.; Vartapetian, A.B.; Agol, V.I. Early
alteration of nucleocytoplasmic traffic induced by some RNA viruses. Virology 2000, 275, 244-248.
Kneller, E.L.P.; Connor, J.H.; Lyles, D.S. HnRNPs relocalize to the cytoplasm following
infection with vesicular stomatitis virus. J. Virol. 2009, 83, 770-780.

Rajani, K.R.; Kneller, E.L.P.; McKenzie, M.O.; Horita, D.A.; Chou, J.W.; Lyles, D.S. Complexes
of vesicular stomatitis virus matrix protein with host Rael and Nup98 involved in inhibition of
host transcription. PLoS Pathog. 2012, 8, €1002929.

Levengood, J.D.; Tolbert, M.; Li, M.L.; Tolbert, B.S. High-affinity interaction of hnrnp A1 with
conserved RNA structural elements is required for translation and replication of enterovirus 71.
RNA Biol. 2013, 10, 1136-1145.

Lin, J.Y.; Shih, S.R.; Pan, M.; Li, C.; Lue, C.F_; Stollar, V.; Li, M.L. Hnrnp A1 interacts with the 5'
untranslated regions of enterovirus 71 and sindbis virus rna and is required for viral replication.
J. Virol. 2009, 83, 6106—6114.

Monette, A.; Ajamian, L.; Lopez-Lastra, M.; Mouland, A.J. Human immunodeficiency virus type 1
(HIV-1) induces the cytoplasmic retention of heterogeneous nuclear ribonucleoprotein Al by
disrupting nuclear import: Implications for HIV-1 gene expression. J. Biol. Chem. 2009, 284,
31350-31362.

Stojdl, D.F.; Lichty, B.D.; tenOever, B.R.; Paterson, J.M.; Power, A.T.; Knowles, S.; Marius, R.;
Reynard, J.; Poliquin, L.; Atkins, H.; et al. VSV strains with defects in their ability to shutdown
innate immunity are potent systemic anti-cancer agents. Cancer Cell 2003, 4, 263-275.

Klasse, P.J. The molecular basis of HIV entry. Cell Microbiol. 2012, 14, 1183—-1192.

Jayappa, K.D.; Ao, Z.; Yao, X. The HIV-1 passage from cytoplasm to nucleus: The process
involving a complex exchange between the components of HIV-1 and cellular machinery to
access nucleus and successful integration. Int. J. Biochem. Mol. Biol. 2012, 3, 70-85.

Ao, Z.; Huang, G.; Yao, H.; Xu, Z.; Labine, M.; Cochrane, A.W.; Yao, X. Interaction of human
immunodeficiency virus type 1 integrase with cellular nuclear import receptor importin 7 and its
impact on viral replication. J. Biol. Chem. 2007, 282, 13456-13467.

Hearps, A.C.; Jans, D.A. HIV-1 integrase is capable of targeting DNA to the nucleus via an
importin o/B-dependent mechanism. Biochem. J. 2006, 398, 475-484.

Jayappa, K.D.; Ao, Z.; Yang, M.; Wang, J.; Yao, X. Identification of critical motifs within HIV-1
integrase required for importin a3 interaction and viral cDNA nuclear import. J. Mol. Biol. 2011,
410, 847-862.

Jacquot, G.; le Rouzic, E.; David, A.; Mazzolini, J.; Bouchet, J.; Bouaziz, S.; Niedergang, F.;
Pancino, G.; Benichou, S. Localization of HIV-1 Vpr to the nuclear envelope: Impact on Vpr
functions and virus replication in macrophages. Retrovirology 2007, 4, 84.

Le Rouzic, E.; Mousnier, A.; Rustum, C.; Stutz, F.; Hallberg, E.; Dargemont, C.; Benichou, S.
Docking of HIV-1 Vpr to the nuclear envelope is mediated by the interaction with the
nucleoporin hCG1. J. Biol. Chem. 2002, 277, 45091-45098.



Viruses 2013, 5 2040

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Dismuke, D.J.; Aiken, C. Evidence for a functional link between uncoating of the human
immunodeficiency virus type 1 core and nuclear import of the viral preintegration complex. J. Virol.
2006, 80, 3712-3720.

Yamashita, M.; Emerman, M. Capsid is a dominant determinant of retrovirus infectivity in
nondividing cells. J. Virol. 2004, 78, 5670-5678.

Chan, E.Y.; Qian, W.J.; Diamond, D.L.; Liu, T.; Gritsenko, M.A.; Monroe, M.E.; Camp, D.G., 2nd;
Smith, R.D.; Katze, M.G. Quantitative analysis of human immunodeficiency virus type 1-infected
CD4+ cell proteome: Dysregulated cell cycle progression and nuclear transport coincide with
robust virus production. J. Virol. 2007, 81, 7571-7583.

Chan, E.Y.; Sutton, J.N.; Jacobs, J.M.; Bondarenko, A.; Smith, R.D.; Katze, M.G. Dynamic host
energetics and cytoskeletal proteomes in human immunodeficiency virus type 1-infected human
primary CD4 cells: Analysis by multiplexed label-free mass spectrometry. J. Virol. 2009, §3,
9283-9295.

Navare, A.T.; Sova, P.; Purdy, D.E.; Weiss, J.M.; Wolf-Yadlin, A.; Korth, M.J.; Chang, S.T.;
Proll, S.C.; Jahan, T.A.; Krasnoselsky, A.L.; et al. Quantitative proteomic analysis of HIV-1
infected CD4+ T cells reveals an early host response in important biological pathways: Protein
synthesis, cell proliferation, and T-cell activation. Virology 2012, 429, 37-46.

Zhang, R.; Mehla, R.; Chauhan, A. Perturbation of host nuclear membrane component RanBP2
impairs the nuclear import of human immunodeficiency virus-1 preintegration complex (DNA).
PLoS One 2010, 5, 15620.

Schaller, T.; Ocwieja, K.E.; Rasaiyaah, J.; Price, A.J.; Brady, T.L.; Roth, S.L.; Hue, S.; Fletcher, A.J.;
Lee, K.; KewalRamani, V.N.; et al. HIV-1 capsid-cyclophilin interactions determine nuclear
import pathway, integration targeting and replication efficiency. PLoS Pathog. 2011, 7, €1002439.
Fricke, T.; Valle-Casuso, J.C.; White, T.E.; Brandariz-Nunez, A.; Bosche, W.J.; Reszka, N.;
Gorelick, R.; Diaz-Griffero, F. The ability of TNPO3-depleted cells to inhibit HIV-1 infection
requires CPSF6. Retrovirology 2013, 10, doi:10.1186/1742-4690-10-46.

Lin, D.H.; Zimmermann, S.; Stuwe, T.; Stuwe, E.; Hoelz, A. Structural and functional analysis of
the C-terminal domain of Nup358/RanBP2. J. Mol. Biol. 2013, 425, 1318-1329.

Woodward, C.L.; Prakobwanakit, S.; Mosessian, S.; Chow, S.A. Integrase interacts with nucleoporin
Nup153 to mediate the nuclear import of human immunodeficiency virus type 1. J. Virol. 2009,
83, 6522-6533.

Matreyek, K.A.; Engelman, A. The requirement for nucleoporin Nupl53 during human
immunodeficiency virus type 1 infection is determined by the viral capsid. J. Virol. 2011, 835,
7818-7827.

Monette, A.; Pante, N.; Mouland, A.J. Examining the requirements for nucleoporins by HIV-1.
Future Microbiol. 2011, 6, 1247-1250.

Ocwieja, K.E.; Brady, T.L.; Ronen, K.; Huegel, A.; Roth, S.L.; Schaller, T.; James, L.C.;
Towers, G.J.; Young, J.A.; Chanda, S.K.; ef al. HIV integration targeting: A pathway involving
transportin-3 and the nuclear pore protein RanBP2. PLoS Pathog. 2011, 7, ¢1001313.

Emerman, M.; Malim, M.H. HIV-1 regulatory/accessory genes: Keys to unraveling viral and host
cell biology. Science 1998, 280, 1880—1884.



Viruses 2013, 5 2041

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Hofmann, W.; Reichart, B.; Ewald, A.; Muller, E.; Schmitt, I.; Stauber, R.H.; Lottspeich, F.;
Jockusch, B.M.; Scheer, U.; Hauber, J.; et al. Cofactor requirements for nuclear export of Rev
response element (Rre)- and constitutive transport element (Cte)-containing retroviral rnas. An
unexpected role for actin. J. Cell Biol. 2001, 152, 895-910.

Ullman, K.S.; Shah, S.; Powers, M.A.; Forbes, D.J. The nucleoporin Nup153 plays a critical role
in multiple types of nuclear export. Mol. Biol. Cell 1999, 10, 649—664.

Zolotukhin, A.S.; Felber, B.K. Nucleoporins Nup98 and Nup214 participate in nuclear export of
human immunodeficiency virus type 1 Rev. J. Virol. 1999, 73, 120-127.

Lund, N.; Milev, M.P.; Wong, R.; Sanmuganantham, T.; Woolaway, K.; Chabot, B.; Abou Elela, S.;
Mouland, A.J.; Cochrane, A. Differential effects of hnRNP D/AUF1 isoforms on HIV-1 gene
expression. Nucleic Acids Res. 2012, 40, 3663—-3675.

Milev, M.P.; Ravichandran, M.; Khan, M.F.; Schriemer, D.C.; Mouland, A.J. Characterization of
staufenl ribonucleoproteins by mass spectrometry and biochemical analyses reveal the presence
of diverse host proteins associated with human immunodeficiency virus type 1. Front Microbiol.
2012, 3, doi:10.3389/fmicb.2012.00367.

Huang, H.C.; Chen, C.C.; Chang, W.C.; Tao, M.H.; Huang, C. Entry of hepatitis B virus into
immortalized human primary hepatocytes by clathrin-dependent endocytosis. J. Virol. 2012, 86,
9443-9453.

Crowther, R.A.; Kiselev, N.A.; Bottcher, B.; Berriman, J.A.; Borisova, G.P.; Ose, V.; Pumpens, P.
Three-dimensional structure of hepatitis B virus core particles determined by electron cryomicroscopy.
Cell 1994, 77, 943-950.

Rabe, B.; Glebe, D.; Kann, M. Lipid-mediated introduction of hepatitis B virus capsids into
nonsusceptible cells allows highly efficient replication and facilitates the study of early infection
events. J. Virol. 2006, 80, 5465-5473.

Seeger, C.; Mason, W.S. Hepatitis B virus biology. Microbiol. Mol. Biol. Rev. 2000, 64, 51-68.
Kann, M.; Sodeik, B.; Vlachou, A.; Gerlich, W.H.; Helenius, A. Phosphorylation-dependent
binding of hepatitis B virus core particles to the nuclear pore complex. J. Cell Biol. 1999, 145, 45-55.
Rabe, B.; Vlachou, A.; Pante, N.; Helenius, A.; Kann, M. Nuclear import of hepatitis B virus
capsids and release of the viral genome. Proc. Natl. Acad. Sci. USA 2003, 100, 9849-9854.

Rabe, B.; Delaleau, M.; Bischof, A.; Foss, M.; Sominskaya, I.; Pumpens, P.; Cazenave, C.;
Castroviejo, M.; Kann, M. Nuclear entry of hepatitis B virus capsids involves disintegration to
protein dimers followed by nuclear reassociation to capsids. PLoS Pathog. 2009, 5, e1000563.
Suzuki, Y.; Craigie, R. The road to chromatin-nuclear entry of retroviruses. Nat. Rev. Microbiol.
2007, 5, 187-196.

Bernad, R.; van der Velde, H.; Fornerod, M.; Pickersgill, H. Nup358/RanBP2 attaches to the
nuclear pore complex via association with Nup88 and Nup214/CAN and plays a supporting role
in CRM1-mediated nuclear protein export. Mol. Cell Biol. 2004, 24, 2373-2384.

Moroianu, J. Molecular mechanisms of nuclear protein transport. Crit. Rev. Eukaryot. Gene
Expr. 1997, 7, 61-72.

Percipalle, P.; Clarkson, W.D.; Kent, H.M.; Rhodes, D.; Stewart, M. Molecular interactions
between the importin o/p heterodimer and proteins involved in vertebrate nuclear protein import.
J. Mol. Biol. 1997, 266, 722—732.



Viruses 2013, 5 2042

142. Beaslas, O.; Vihervaara, T.; Li, J.; Laurila, P.P.; Yan, D.; Olkkonen, V.M. Silencing of OSBP-related
protein 8§ (ORP8) modifies the macrophage transcriptome, nucleoporin p62 distribution, and
migration capacity. Exp. Cell Res. 2012, 318, 1933—1945.

143. Strambio-de-Castillia, C.; Niepel, M.; Rout, M.P. The nuclear pore complex: Bridging nuclear
transport and gene regulation. Nat. Rev. Mol. Cell Biol. 2010, 11, 490-501.

144. Taylor, K.E.; Mossman, K.L. Recent advances in understanding viral evasion of type 1
interferon. Immunology 2013, 138, 190-197.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


