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Abstract: Viruses frequently exploit the host’s nucleocytoplasmic trafficking machinery to
facilitate their replication and evade immune defenses. By encoding specialized proteins
and other components, they strategically target host nuclear transport receptors (NTRs) and
nucleoporins within the spiderweb-like inner channel of the nuclear pore complex (NPC),
enabling efficient access to the host nucleus. This review explores the intricate mechanisms
governing the nuclear import and export of viral components, with a focus on the interplay
between viral factors and host determinants that are essential for these processes. Given
the pivotal role of nucleocytoplasmic shuttling in the viral life cycle, we also examine
therapeutic strategies aimed at disrupting the host’s nuclear transport pathways. This
includes evaluating the efficacy of pharmacological inhibitors in impairing viral replication
and assessing their potential as antiviral treatments. Furthermore, we emphasize the
need for continued research to develop targeted therapies that leverage vulnerabilities in
nucleocytoplasmic trafficking. Emerging high-resolution techniques, such as advanced
imaging and computational modeling, are transforming our understanding of the dynamic
interactions between viruses and the NPC. These cutting-edge tools are driving progress
in identifying novel therapeutic opportunities and uncovering deeper insights into viral
pathogenesis. This review highlights the importance of these advancements in paving the
way for innovative antiviral strategies.

Keywords: spider cobweb; central plug; gene gating; super enhancer; nucleoporins; karyo-
pherin; SARS-CoV-2; HIV; antiviral drug; nuclear transport inhibitor; HS-AFM

1. Introduction

Pathogenic viruses, a significant class of infectious agents, have been responsible for
widespread morbidity and mortality, profoundly impacting global public health. Beyond
their immediate effects on human health, viral outbreaks have led to severe socioeconomic
consequences, disrupting economies, straining healthcare systems, and altering societal
structures. These pathogens, ranging from influenza and HIV to emerging threats like
SARS-CoV-2, underscore the critical need for ongoing research and preparedness to mitigate
their far-reaching effects. Over the past century, humanity has faced two major pandemics:
the 1918 Spanish Flu and the recent COVID-19 crisis. Despite remarkable advancements in
science and technology, communicable diseases persist as major global challenges, with the
development of effective antiviral therapies and vaccines remaining an arduous endeavor.

Viruses 2025, 17, 151

https://doi.org/10.3390/v17020151


https://doi.org/10.3390/v17020151
https://doi.org/10.3390/v17020151
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0001-9330-5783
https://orcid.org/0000-0003-0342-9016
https://doi.org/10.3390/v17020151
https://www.mdpi.com/article/10.3390/v17020151?type=check_update&version=2

Viruses 2025, 17,151

2 of 38

Throughout their lifecycle, many viruses strategically exploit the host’s transcriptional
and translational machinery to facilitate replication while simultaneously evading immune
defenses to ensure survival and propagation [1]. The nucleoplasm and cytoplasm of human
cells are compartmentalized by the nuclear envelope (NE), a double lipid bilayer that houses
nuclear pore complexes (NPCs) (reviewed in [2-8]). These highly specialized nano-gates
regulate nucleocytoplasmic transport, a critical process for maintaining cellular homeostasis.
NPCs play a pivotal role in facilitating the bidirectional exchange of macromolecules, such
as RNA, proteins, and ribonucleoproteins, between the nucleus and cytoplasm. This
transport is essential for a wide range of cellular functions, including cell division [4,9],
metabolic regulation [10], gene expression and regulation [3], and the activation of innate
immune responses [10,11]. By tightly controlling nucleocytoplasmic trafficking, NPCs
serve as key regulators of cellular processes, making them a target for viral exploitation
during infection.

Viruses depend extensively on hijacking the host’s nuclear transport machinery for
replication, making these processes promising targets for antiviral therapies. Disrupting
nuclear trafficking has the potential to inhibit critical viral activities, including genome
transcription, protein synthesis, and assembly. This review investigates the strategies
employed by viruses, with a particular focus on SARS-CoV-2 and human immunode-
ficiency virus (HIV), to exploit host nucleocytoplasmic trafficking. Emphasis is placed
on viral components and their interactions with host factors, such as importins and nu-
cleoporins (Nups). Additionally, we explore the therapeutic potential of targeting host
nuclear transport mechanisms, offering insights into innovative approaches to combat
viral infections.

2. The ABCs of NPCs

NPCs are large protein assemblies, with a molecular mass of approximately 50 MDa
in yeast and 110 to 125 MDa in metazoans [12,13]. The outside diameter ranges from
80 to 120 nm, whereas the interior diameter is approximately 40 nm [14-17]. Each NPC
consists of numerous copies (between 8 and 64) of around 34 distinct nuclear pore proteins,
referred to as Nups (designated Nup followed by their estimated molecular weight), the
majority of which are conserved across various animals (Figure 1). These Nups, found in
quantities between 8 and 48, aggregate into several rings arranged along the NE [18-21].
The Y-shaped structure of the NPC is a hallmark architectural feature observed in its
cytoplasmic and nucleoplasmic rings, which anchor the central transport channel to the
nuclear envelope. These Y-shaped subcomplexes are composed primarily of scaffold
nucleoporins, forming an intricate lattice that provides both mechanical stability and
spatial organization to the NPC. The arms of the Y-shaped structures interact with the lipid
bilayer of the nuclear envelope, ensuring the proper curvature and integration of the pore
within the membrane. Meanwhile, their base serves as a docking site for other nucleoporins,
facilitating the assembly and maintenance of the NPC'’s selective permeability barrier. This
configuration is critical for the bidirectional transport of macromolecules, as it establishes
the structural foundation for the dynamic gating mechanisms mediated by nucleoporins
with phenylalanine-glycine repeats or FG-Nups [14-17,22].

The central channel of the NPC is lined with FG-Nups. These repeats interact to
form a cohesive meshwork that appears to phase-separate from the surrounding solution,
functioning as a selective permeability barrier. This barrier regulates nucleocytoplasmic
transport and is often described through models such as the “oily spaghetti” [23], “hy-
drogel [24]”, “polymer brush [25]”, “forest model [26]”, “reduction of dimensionality
model [27]”, and “cobweb model [28]”, each attempting to explain the intricate, multilay-
ered structure of FG-Nups. The “cobweb model” analogy is particularly apt, highlighting



Viruses 2025, 17,151

30f 38

the dynamic, spiderweb-like arrangement of flexible FG-Nups that create a selective barrier
for macromolecular transport [16,17].

This FG-Nup meshwork prevents the passive diffusion of macromolecules and com-
plexes larger than approximately 3040 kDa, such as proteins, RNAs, and viruses. To
traverse the NPC, these larger macromolecules require active transport mediated by nu-
clear transport receptors or NTRs (importins, exportins, transportins, or karyopherins),
which facilitate their passage through the selective barrier. This sophisticated system en-
sures efficient and regulated nucleocytoplasmic transport, balancing cellular needs with
strict selectivity.

This comprises outer rings on the nuclear and cytoplasmic sides (nuclear ring [NR] and
cytoplasmic ring [CR]) and an inner ring (IR) situated between them. Each ring typically
comprises eight recurring parts. FG repeats of FG-Nups extend inward from these rings to
create the core channel of the nuclear pore complex and engage with transport factors to
facilitate selective nucleocytoplasmic transport [18,29].

Despite advances in understanding the conserved core architecture, outlying regions
can vary greatly within and between species. A cage-shaped nuclear receptacle is an exam-
ple. Despite its importance in mRNA monitoring and chromatin assembly, its architecture is
unknown. Singh et al. used in-cell cryo-electron tomography and subtomogram analysis to
study the nuclear basket and NPC structures in fungi (S. cerevisine), mammals (M. musculus),
and protozoa (T. gondii) [30]. Integrative structural modeling shows how a nuclear ring hub
of Nups connects to basket-forming Mlp/Tpr proteins. The basket’s struts are Mlp/Tpr’s
coiled-coil domains, while its distal densities are its unstructured termini. Distal densities
may dock mRNA preparation before nucleocytoplasmic transit.

The central plug, or central transporter, within the NPC represents a foundational
step in understanding NPC architecture. First described by Unwin and Milligan in 1982
through cryo-Electron Microscopy (cryo-EM) studies of Xenopus oocytes, the central plug
was identified as a spheroidal structure approximately 35 nm in diameter located at the
core of some NPCs [31]. Despite its early characterization, the composition and function of
the central plug remain subjects of debate. It is generally accepted as a dynamic structure
that appears under specific conditions. A 2020 study by Mohamed et al., utilizing high-
speed atomic force microscopy (HS-AFM) [32], provided new insights, suggesting that
the plug is at least partially composed of FG-Nups [33]. Their observations indicated that
FG-Nups form transient “knots” within the pore’s core and that plugs in cancerous HCT116
cells exhibit greater conformational dynamics than those in non-cancerous colon cells.
The origins of the central plug model stem from the limitations of early cryo-EM, which
required immobilized samples, leading to a static representation of the NPC. As imaging
technologies have advanced, so has our understanding of NPC dynamics, refining the plug
model to better reflect its functional complexity. Emerging live-cell data promise to uncover
the elusive identity and role of the central plug, potentially resolving a longstanding
question in cell biology [34].
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Figure 1. Schematic representation of the nuclear pore complex (NPC) and its role in nuclear import

and export processes. The NPC is embedded in the nuclear envelope and consists of nucleoporins

(Nups) organized into structural elements, including the inner ring, cytoplasmic and nuclear rings,

cytoplasmic filaments, and the nuclear basket [35]. A circular scaffold, known as the luminal ring,

surrounds the NPC within the lumen of the nuclear envelope, providing structural integrity. The

central channel, lined with FG-Nups, features a dynamic spider cobweb-like network that facilitates

selective transport while maintaining a permeability barrier. Additionally, a central plug structure,

often visualized during transport processes, may represent transient cargo complexes or structural

rearrangements, emphasizing the NPC'’s functional versatility in nucleocytoplasmic trafficking. This

schematic underscores the intricate architecture and regulatory mechanisms of the NPC in facilitating

macromolecular transport. (A) Structural Overview of the NPC Core and Peripheral Components.
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The central core of the NPC consists of several structural components, including the Cytoplasmic
Ring (CR), Nuclear Ring (NR), Luminal Ring (LR), and Inner Ring (IR). Peripheral elements, such as
the Cytoplasmic Filaments (CF) and Nuclear Basket (NB), extend into the cytoplasm and nucleus,
respectively. The IR encircles the NPC’s core channel, which is densely lined with FG-Nups that form
a cohesive diffusion barrier, enabling selective macromolecular transport between the cytoplasm and
nucleus. (B) Schematic Representation of Nucleoporin Complexes. A schematic diagram illustrates
the spatial organization of nucleoporin complexes within the NPC, including those forming the central
core and peripheral structures. This visualization highlights their structural roles in maintaining
NPC integrity and their functional contributions to nucleocytoplasmic transport. (C) Detailed
Diagram of the Y-Shaped Coat Nucleoporin Complex (CNC). The Y-shaped CNC is depicted in detail,
showcasing its structural components. The stem region comprises NUP133, NUP107, NUP96, and
SEC13, while the short arm includes SEH1, NUP85, and NUP43. The long arm features NUP37 and
NUP160. Additionally, the asymmetric ELYS protein is localized on the nuclear side, where it plays a
pivotal role in NPC assembly and anchoring to the nuclear envelope. Collectively, these structural
and functional components contribute to the NPC’s ability to regulate selective nucleocytoplasmic
transport, underscoring its architectural and functional complexity.

In contrast to Cryo-EM [36-39], Nuclear Magnetic Resonance (NMR) or conventional
microscopy techniques for visualizing and analyzing NPCs, HS-AFM is a state-of-the-art
imaging technique that allows for the direct visualization of individual biomolecules in
real time, offering unprecedented insights into their dynamic behavior [32,40,41]. HS-AFM
provides high temporal resolution, enabling the capture of molecular movements and in-
teractions as they unfold. This technology is particularly suited for investigating nanoscale
biomolecular processes, including protein conformational changes, molecular assembly;,
and ligand-receptor interactions. Its combined high spatial and temporal resolution has
made HS-AFM an indispensable tool in structural biology, revealing intricate details of
biomolecular mechanisms that are otherwise difficult to observe [42]. Our experience with
HS-AFM demonstrates its versatility and power, as seen in studies of human NPCs [28,33],
DNA-protein interactions [43], viral proteins, viral protein-antibody interactions [44,45],
and viral protein-organelle interactions [44,46-48]. These applications underscore the trans-
formative potential of HS-AFM in advancing our understanding of complex biological
systems [42]. HS-AFM has also revolutionized the structural and functional analysis of
human NPCs, providing unprecedented nanometer-scale resolution and real-time visu-
alization [28,33,49,50]. HS-AFM has captured the adaptive nature of these cobweb-like
structures, revealing how NPCs rearrange during active transport, chromatin reorganiza-
tion, and stress responses (Figure 2). These observations underscore the NPC’s role not
only as a static gatekeeper but also as a dynamic scaffold, facilitating interactions with
genome regulators and responding to cellular demands. By providing real-time insights
into the cobweb-like architecture and function of NPCs, HS-AFM has deepened our un-
derstanding of their critical roles in maintaining nuclear-cytoplasmic homeostasis and
genome stability [42].

Nuclear transport receptors (NTRs) regulate the import and export of macromolecular
cargoes via the small Ras-like GTPase Ran, which cycles between GDP- and GTP-bound
states [51]. In the nucleus, the guanine exchange factor RCC1 converts Ran-GDP to Ran-
GTP, while GTP hydrolysis, catalyzed by Ran GTPase-activating protein 1 (RanGAP1) and
stimulated by RanBP2/Nup358 on the cytoplasmic filaments, converts Ran-GTP back to
Ran-GDP. This compartmentalized activity creates a ~200-fold Ran-GTP gradient favoring
the nucleus. Nuclear transport factor 2 (NTF2) ferries Ran-GDP into the nucleus, ensuring a
high Ran concentration in the nucleoplasm, where GTP hydrolysis powers Ran-dependent
import and export [52,53] (Figure 2).

Proteins containing nuclear localization signals (NLSs) bind importin-o (also known as
karyopherin-«), which interacts with importin-f (also known as karyopherin-f3). Importin-
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3 docks at FG-Nups to traverse the NPC. Inside the nucleus, Ran-GTP disassembles the
importin-cargo complex, freeing cargo and recycling importin-3 back to the cytoplasm,
while importin-o is exported by CAS/exportin2. Noncanonical NLSs, such as proline-
tyrosine motifs in hnRNPs, are recognized by transportin-1. Importin-f3 can also directly
transport some cargoes, including ribosomal proteins and HIV proteins such as Rev and Tat.

Nuclear export involves leucine-rich nuclear export signals (NESs) recognized by
exportin CRM1 (XPO1), which forms a trimeric complex with Ran-GTP and cargo. CRM1
binds FG-Nups to translocate through the NPC. GTP hydrolysis in the cytoplasm dissoci-
ates the complex, releasing cargo while CRM1 recycles to the nucleus. For noncoding RNAs,
CRM1 uses adapter proteins such as PHAX to bind cargoes. mRNA export, distinct from
protein and noncoding RNA pathways, involves the NXF1/NXT1 heterodimer recruited
by the TREX complex and serine/arginine-rich proteins during transcription and RNA
processing. NXF1/NXT1 binds FG-Nups to move messenger ribonucleoprotein (mRNP)
complexes through the NPC. Cytoplasmic Dbp5 and RAE1/Gle2 remodel mRNPs in an
ATP-dependent manner, preventing nuclear re-entry. TREX2 interacts with NPC compo-
nents such as TPR and Nup153 to further facilitate mRNA export, though its mechanisms
remain incompletely understood. This finely tuned transport system ensures efficient and
selective nucleocytoplasmic exchange critical for cellular function [11,54]. Recently, Mishra
et al. employed coarse-grained molecular dynamics simulations to explore the mechanisms
underlying karyopherins (Kaps) translocation through NPCs [55]. Their study focused
on how the surface charge and hydrophobicity of Kaps influence transport rates. They
discovered that the negative surface charge of Kaps is crucial for successful translocation,
while the hydrophobicity of transport particles enhances their movement through the NPC.
Notably, their findings highlighted the significance of the positive net charge of Nups,
particularly Nupl, in facilitating Kap transport. This charge creates a gradient of increasing
binding affinity for Kaps with FG-Nups, progressing from the cytoplasm to the nucleus.
This gradient, previously proposed but now further supported, provides key insights into
the directional and efficient translocation of Kaps through the NPC [55].

Over the past few decades, research has unveiled the multifaceted roles of nucleo-
porins, the key components of the NPC. Beyond their fundamental function in forming the
NPC structure, nucleoporins are critical for a diverse array of cellular processes. We and
others have shown that NPC facilitates selective nucleocytoplasmic transport, enabling the
exchange of macromolecules such as proteins and RNA between the nucleus and cytoplasm.
However, nucleoporins also contribute to processes independent of transport, including
mitosis, where they regulate spindle assembly and chromosome segregation [4,56-64]. Ad-
ditionally, they play pivotal roles in gene expression by influencing chromatin organization
and transcriptional activity [65-67].

Gene gating is a process in which transcriptionally active genes are positioned adja-
cent to NPCs, facilitating the efficient maturation of nascent transcripts into export-ready
mRNA by associating them with export factors. This concept was first proposed by Giinter
Blobel in 1985, offering a framework to understand the spatial coupling of transcription
and mRNA export within the nucleus [68]. Hazawa et al. demonstrated that master tran-
scription factors, such as TP63, establish super-enhancers (SEs) to drive core transcriptional
networks in cancer cells [66]. However, the spatiotemporal regulation of SEs within the
nucleus remains largely unexplored. Their study revealed that the NPC may tether SEs
to the nuclear periphery, where RNA export rates are highest. Specifically, NUP153, a key
component of the NPC, was found to anchor SEs to the pore, enhancing TP63 expression by
maximizing mRNA export. This anchoring is facilitated by protein-protein interactions be-
tween the intrinsically disordered regions (IDRs) of NUP153 and the coactivator BRD4 [69].
Silencing NUP153 disrupts SE localization, displacing them from the nuclear periphery,
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which in turn reduces TP63 expression, impairs cellular growth, and promotes epidermal
differentiation in squamous cell carcinoma. This study first highlights the critical role of
NUP153 IDRs in regulating SE localization and provides new insights into the spatial and
epigenomic layers of gene gating [66,70].
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Figure 2. Principles of nucleocytoplasmic transport and the model of protein nuclear import and
export. (A) FG Filaments, Central Plug, and Directional Transport in the NPC. The NPC'’s selective
transport is governed by the spatial distribution of FG-repeat types, including XXFG (small spheres),
GLFG (medium spheres), and FXFG (large spheres), which establish distinct concentration gradients
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within the NPC channel. FG filaments, visualized by HS-AFM as a spider cobweb-like central
plug (CP), form a cohesive and dynamic network critical for maintaining selective permeability.
In the cytoplasm, NLS-containing cargoes bind to importins, inducing conformational changes
in their HEAT repeats, creating high-affinity binding pockets for FXFG repeats. This interaction,
along with the FG gradient, propels the importin-cargo complex directionally toward the nucleus.
Within the nucleus, RanGTP binding to importins reduces the size of these pockets and shifts their
specificity toward XXFG repeats, facilitating cargo release and preparing for export. Exportins utilize
similar FG gradients to mediate NES-dependent nuclear export [54]. The concentration gradients of
FG-repeat types provide directional traction forces, ensuring unidirectional and efficient transport.
Peripheral structures, such as cytoplasmic filaments and the nuclear basket, play crucial roles in
anchoring transport receptors and enhancing the dynamics and efficiency of nucleocytoplasmic
transport. (B) Mechanisms of Nuclear Translocation. Nuclear translocation involves the bidirectional
movement of specific cargoes mediated by NLSs and NESs. In the cytoplasm, NLS-bearing cargoes
bind to importins and traverse the NPC. Inside the nucleus, RanGTP induces conformational changes
in the importin-cargo complex, triggering cargo release. Conversely, nuclear export begins with
the formation of a trimeric complex comprising an exportin, NES-bearing cargo, and RanGTP.
This complex translocates through the NPC, and RanGTP hydrolysis in the cytoplasm triggers its
disassembly. Additionally, specific RNA species require protein adaptors for NPC-mediated transport,
ensuring precise regulation of RNA export pathways. The interplay between these mechanisms and
the NPC’s structural features ensures highly regulated nucleocytoplasmic transport.

Nucleoporins are also essential for proper organismal development, as they mediate
tissue-specific gene regulation and signaling pathways. Dysregulation of NPC components
has been implicated in various diseases, including cancer, neurodegenerative disorders [71],
and viral infections, underscoring their importance in maintaining cellular homeostasis
and responding to pathological challenges [72-74].

Recently, Ikliptikawati et al. identified the genomic amplification of NUP107, a core
component of the NPC, in glioblastoma (GBM), revealing its overexpression alongside
MDM2, a critical E3 ligase responsible for p53 degradation [67]. The depletion of NUP107
in GBM cell lines suppresses growth by stabilizing p53 protein levels. Mechanistically,
the study uncovered that NPCs act as a platform for p53 degradation by coupling nu-
clear export pathways with 26S proteasome tethering. As a keystone for NPC assembly,
NUP107 is essential for maintaining NPC structural integrity. Loss of NUP107 disrupts
NPC architecture, significantly reducing the proximity of 26S proteasomes to nuclear pores
and impairing their role in p53 degradation. These findings underscore the dual roles of
NPCs in transport surveillance and protein homeostasis, while offering new insights into
mechanisms of p53 inactivation in GBM [3].

These insights highlight the NPC as not only a structural gateway but also a dynamic
regulator of essential cellular functions [3,75-83].

3. Hijacking Mechanisms of Host Nuclear Transport Machinery
by Viruses

Viruses frequently hijack critical NTRs, such as importin-/ 3, Crm1, and Nxf1, as well
as NPC components including Nup98, Rael, Nup358, and Nup214, to facilitate the traffick-
ing of their components between the cytoplasm and nucleus. The extent and mechanism
by which host nuclear transport is exploited largely depend on the site of viral replication.
By manipulating these essential pathways, viruses ensure the efficient delivery of their
genetic material and proteins to appropriate subcellular locations, effectively undermining
host cellular defenses and enabling replication. Cytoplasmic-replicating viruses often
hijack nuclear transport to suppress interferon (IFN)-mediated antiviral responses, while
nuclear-replicating viruses use these mechanisms for tasks such as importing viral genomes
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into the nucleus and exporting newly synthesized viral RNA to the cytoplasm. This review
categorizes viral strategies based on replication sites: cytoplasm or nucleus.

3.1. Viruses That Replicate in the Cytoplasm
3.1.1. B-Coronaviruses (SARS-CoV-2, SARS-CoV-1, and MERS-CoV)

Coronaviruses (CoVs), members of the Coronaviridae family, are enveloped viruses
distinguished by their positive-sense single-stranded RNA genome. These viruses are
classified into four genera: Alphacoronavirus («-CoV), Betacoronavirus (3-CoV), Gamma-
coronavirus (y-CoV), and Deltacoronavirus (6-CoV) [84]. While most human coronaviruses
(HCoVs) are associated with mild upper respiratory or gastrointestinal illnesses, such as
the common cold (reviewed in [85]), zoonotic coronaviruses within the 3-CoV genus have
caused severe outbreaks of lower respiratory tract diseases with high mortality rates. No-
table examples include the severe acute respiratory syndrome coronavirus (SARS-CoV) and
the Middle East respiratory syndrome coronavirus (MERS-CoV), both of which emerged
from animal reservoirs and caused significant global health concerns (reviewed in [84]).
More recently, SARS-CoV-2, a highly transmissible Betacoronavirus, was first identified
in Wuhan, China, in late 2019. This virus has been responsible for the most devastating
pandemic of the 21st century, causing widespread morbidity, mortality, and unprecedented
socioeconomic disruption [85]. The emergence of SARS-CoV-2 underscores the ongoing
threat posed by zoonotic coronaviruses and highlights the critical need for preparedness
and surveillance. Within cytosolic double-membrane vesicles (DMVs), all coronaviruses,
including SARS-CoV-2, are capable of replicating [86,87]. Using HS-AFM, Lim et al. inves-
tigated the molecular properties of an S neutralizing antibody (5 NAb) and its interaction
with spike proteins [46]. At low density, the S NAb adopted a monomeric Y-shaped con-
formation, while at high density, it assembled into hexameric oligomers. The dynamic
interaction between the S NAb and the spike protein at the receptor-binding domain (RBD)
neither triggered RBD opening nor caused shedding of the S1 subunit. Notably, this in-
teraction remained stable under endosomal pH conditions, suggesting a minimal risk of
antibody-dependent enhancement (ADE). Additionally, the dynamic behavior of spike
proteins on small extracellular vesicles (S sEVs) closely resembled that observed on SARS-
CoV-2 virions. HS-AFM was shown to be a powerful tool for evaluating the sensitivity
of variant S sEVs to S NAb binding. Collectively, Lim et al. introduced a nanoscopic
assessment platform capable of providing detailed insights into the binding properties of S
NAbs, advancing our understanding of antibody-spike protein interactions [46].

Through the use of cryo-electron microscopy and sub-tomogram averaging, Huang
and his colleagues were able to successfully characterize the pores that are produced in
DMVs. Based on the findings, it was determined that the pore is composed of twelve copies
of both nsp3 and nsp4, which are organized in four concentric, stacked hexameric rings,
giving it the appearance of a miniature NPC [88].

Protein-protein interaction (PPI) investigations indicated that SARS-CoV-2 proteins
NSP9 [89], NSP15, and Orf6 interact with the host’s nuclear transport system [90]; however,
only Orf6 has been verified to interfere with nucleocytoplasmic trafficking [91-95]. Orf6 in-
teracts with Nup98 and Rael, resulting in the mislocalization of these nucleoporins and the
inhibition of nuclear import [93]. It furthermore binds importin-«1, inhibiting IRF3 nuclear
translocation and decreasing type I IFN synthesis [95]. Moreover, Orf6 inhibits the nuclear
import of STAT1/STAT2, hence obstructing the transcription of interferon-stimulated genes
(ISGs) [92]. SARS-CoV-1 Orf6 disrupts IFN signaling through a multifaceted mechanism
involving nuclear transport inhibition. It binds directly to importin-«l, a key nuclear
transport adaptor, and simultaneously sequesters importin-31 within the endoplasmic
reticulum (ER)/Golgi membrane. This dual action effectively blocks the nuclear transloca-
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tion of phosphorylated STAT1 (pY-STAT1), a critical transcription factor in the IFN signaling
pathway. By preventing pY-STAT1 from reaching the nucleus, Orf6 inhibits the activation
of interferon-stimulated genes (ISGs), thereby suppressing the host’s antiviral immune
response. This strategy exemplifies how SARS-CoV-1 leverages host nuclear transport
machinery to evade immune defenses [92-95]. SARS-CoV-2 Orf6 demonstrates more robust
interactions with Nup98 and Rael compared to SARS-CoV-1 Orf6, which may account
for the increased incidence of asymptomatic infections associated with SARS-CoV-2 [94].
Yoo and Mitchison similarly reported that SARS-CoV-2 ORFé is 15 times more effective
than SARS-CoV-1 ORFé6 in obstructing nuclear transport [96]. Additionally, they suggested
that the hydrophobic N-terminal domain facilitates the oligomerization of ORF6, allow-
ing it to cross-link with Nup98 and Rael at the nuclear pore complex to inhibit nuclear
transport [96].

Nishide et al. recently explored the structural dynamics of full-length ORF6 protein
under near-physiological conditions using HS-AFM [97]. These findings reveal that ORF6
oligomers adopt an ellipsoidal shape and readily self-assemble into protofilaments, form-
ing circular or linear patterns. The formation of these protofilaments was enhanced at
elevated temperatures and on lipid substrates, suggesting a strong dependence on en-
vironmental factors. Biochemical analyses revealed that ORF6 filaments are sensitive to
aliphatic alcohols, urea, and SDS, indicating that hydrophobic interactions predominantly
stabilize their structure. This self-assembly mechanism likely underlies ORF6’s ability to
sequester host factors, causing collateral cellular damage through the formation of amyloid
aggregates (Figure 3).

These findings are significant in the context of neurological complications observed in
some COVID-19 patients, which resemble Alzheimer’s disease (AD). Several SARS-CoV-2
proteins, such as spike and nucleocapsid proteins, have been implicated in disrupting the
homeostasis of AD-associated proteins (e.g., tau, AB42, and x-synuclein), while other viral
proteins, like ORFS8, form aggregates in lung epithelial cells. Additionally, severe COVID-
19 is often associated with excessive inflammation and elevated levels of amyloidogenic
proteins, such as calprotectin (5100A8/5S100A9). Together, these observations prompted
us to investigate the amyloidogenic potential of ORF6 [97]. In silico analyses predicted a
high propensity for spontaneous self-assembly of ORF6, a prediction supported by our
HS-AFM observations of ORF6 protofilaments. The o-helix at the N-terminus of ORF6
appears to facilitate its localization on lipid membranes, where the fluidity of the lipid
bilayer provides an ideal platform for ORF6 diffusion and robust protofilament elongation.
Elevated body temperatures, a common symptom in COVID-19 patients, may further
accelerate the formation and elongation of ORF6 protofilaments, supporting our model
(Figure 3).

In cellular models, Kato et al. observed that ORF6 aggregates colocalize with Nup98
and Rael [93], supporting its role in sequestering host factors. ORF6 oligomers localize to
membranous organelles, amplifying intracellular aggregation and effectively sequestering
host proteins, particularly key transcription factors involved in type-I interferon signaling,
such as STAT1 and IRF3. This sequestration impairs the nuclear translocation of these
factors, undermining the host immune response. The Rael/Nup98 complex may strate-
gically locate Orf6 even inside the nuclear pore complex, modifying FG-Nup interactions
and their capacity to facilitate nuclear transport [98]. Future studies, including cryo-EM
imaging, could provide higher-resolution structural insights into ORF6 protofilaments,
further elucidating the molecular basis of its aggregation and pathogenicity. These findings
underscore the potential contribution of ORF6 to COVID-19 pathophysiology, particularly
its role in immune evasion and cellular damage [97].
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Figure 3. Interactions between viral components and the host nuclear transport system during
infection. This schematic emphasizes the dual strategy of viral exploitation and host immune
modulation within the nuclear transport system. (A) The accessory protein open reading frame 6
(ORF6) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) plays a critical role in
suppressing host type-I interferon (IFN-I) signaling and contains amyloidogenic sequences. These
sequences enable ORF6 amyloidogenic peptides to self-assemble into cytotoxic amyloid fibrils. ORF6
oligomers exhibit an ellipsoidal shape and readily assemble into protofilaments, forming either
circular or linear patterns. This self-assembly process is enhanced at elevated temperatures or on
lipid substrates. ORF6 self-assembly appears to play a dual role, both sequestering host factors and
causing collateral cellular damage through the formation of amyloid aggregates. Previous studies,
including ours, have demonstrated that Nup98 and Rael colocalize within ORF6 aggregates in
cells. The combination of high body temperature and the localization of ORF6 oligomers on various
membranous organelles significantly amplifies ORF6 intracellular aggregation. This aggregation
effectively sequesters numerous host proteins, particularly transcription factors involved in IFN-
I signaling, such as STAT1 and IRF3, thereby preventing their nuclear translocation and further
suppressing immune responses. (B) The complete cone-shaped HIV-1 capsid, housing the viral RNA,
travels along microtubules (MT) and motor protein through the cytosol toward the nuclear periphery.
Upon reaching the NPCs, it engages with NUP358 on the cytoplasmic side and docks at the NPC via
its slender, CA pentamer-rich end. The capsid then infiltrates the spiderweb-like central channel of the
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NPC. Structural modeling superimposing the HIV-1 capsid onto the in-cell NPC framework confirms
that the central channel’s diameter is sufficiently wide to accommodate the full capsid, enabling its
migration into the nucleus. HIV-1 capsid assemblies efficiently target NPCs in an NTR-independent
manner, directly binding various FG-repeat types, including barrier-forming cohesive repeats. The
capsid behaves analogously to an NTR, with its interior acting as a cargo container. This ‘self-
translocating” mechanism avoids the need for trans-acting NTRs, which would otherwise increase
the capsid’s diameter by at least 10 nm, thereby circumventing the size restrictions imposed by the
NPC scaffold and bypassing a critical barrier to infection.

Orf6 also obstructs nuclear export by causing nuclear accumulation of hnRNPA1, a
critical factor in mRNA export [93,99,100]. This suggests that Orf6 disrupts the Nup98-
Rael interaction, impairing mRNA export. SARS-CoV-2 Nsp1 similarly inhibits mRNA
export by interfering with the Nxf1-Nxt1 pathway and blocking interactions with adaptors
like Aly/REF and UAP56 [101]. The acidic N-terminal patch in the Nspl was recently
discovered to be critical for the interaction between Nsp1 and NXF1-NXT1 [102]. Unlike
SARS-CoV-2 Nspl, SARS-CoV-1 Nspl affects nucleoporin localization, selectively accu-
mulating nuclear RNA-binding protein nucleolin in the cytoplasm, potentially hindering
mRNA export [103]. SARS-CoV-2 Nsp14 uses its guanine-N7-methyltransferase active
site to hijack the host association of the nuclear cap-binding complex (NCBC), thereby
disrupting mRNA processing and export [104].

Other coronavirus proteins, such as SARS-CoV-1 Orf9b and MERS-CoV Orf4b, also
interact with the host nuclear transport system. SARS-CoV-1 Orf9b lacks a NLS but
passively enters the nucleus to activate caspase-3-mediated apoptosis. Its nuclear export,
mediated by Crm1 through a NES, protects the host and enhances viral replication [105].
MERS-CoV Orfdb contains an NLS and interacts with importin-«3, inhibiting nuclear
translocation of NF-«B p65 and suppressing IFN-f3 production by blocking IRF3 and IRF7
signaling [106,107].

3.1.2. MonkeyPox (Mpox)

The monkeypox virus (MPXV) is an enclosed double-stranded DNA virus classified
under the Orthopoxvirus genus in the Poxviridae family. MPXV induces the zoonotic
affliction known as monkeypox (mpox) [108]. While both smallpox and mpox present
comparable clinical symptoms, mpox has a reduced death rate compared to smallpox [108].
Recently, the incidence of mpox cases surged significantly, prompting the World Health Or-
ganization (WHO) to designate it a public health emergency of international concern [109].
MPXYV exists in two distinct infectious forms: intracellular MPXV and extracellular MPXYV,
each expressing a diverse array of surface glycoproteins to infect host cells through varying
methods [110]. In contrast to other DNA viruses, MPXV DNA replication transpires within
viral factories situated near the perinuclear areas of the host cell [111]. MPXV encodes
many viral elements to exploit the host’s nuclear transport mechanisms. The MPKV A23
protein, linked to apoptosis and DNA repair, possesses a nuclear localization signal (RKKR)
that facilitates its localization within the host cell nucleus, where it interacts with riboso-
mal proteins and histones [112]. Another MPXV protein, P2, functions as an interferon
antagonist and is also located in the nucleus [113]. The NLS within the P2 protein engages
with karyopherin «-2 (KPNA?2) for nuclear importation. The P2-KPNA?2 interaction com-
petitively obstructs KPNA2-mediated nuclear import of IRF3, thus diminishing interferon
synthesis. Inhibition of the P2 protein reinstates host immunity and diminishes MPXV
replication. Alongside MPXV proteins, host proteins contribute to the response to MPXV in-
fection [114]. A recent study revealed that host proteins alter the NPC structure to mitigate
MPXYV infection. FAM111A (family with sequence similarity 111 member A), a host protein
that regulates DNA replication, inhibits Orthopoxvirus infections. FAM111A degrades
NPC constituents, including Nup62, to translocate to the cytoplasm, where it degrades
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the viral DNA-binding protein I3 via autophagy. Conversely, SPI-1 proteins produced by
Orthopoxviruses exhibit a significant affinity for FAM111A, inhibiting its function and
promoting viral multiplication within host cells [114].

3.1.3. Chikungunya Virus (CHIKV)

The Chikungunya virus (CHIKV), belonging to the Togaviridae family, is an enveloped
virus characterized by a positive-sense, single-stranded RNA genome. It exclusively
replicates in the cytoplasm of host cells, employing the host’s translational machinery to
synthesize viral proteins and form progeny virions. CHIKV is predominantly transmitted
to humans via Aedes mosquitoes, specifically Aedes aegypti and Aedes albopictus, and
has resulted in substantial outbreaks in tropical and subtropical areas. CHIKV infection is
primarily linked to fever sickness, rash, and severe arthralgia during the acute phase. A
defining characteristic of CHIKV infection is its tendency to induce chronic inflammatory
arthritis and enduring musculoskeletal problems, which may last for months or even years
in certain patients. The chronic symptoms, often known as Chikungunya arthritis, are
thought to arise from immune-mediated processes, such as the retention of viral RNA
in joint tissues and dysregulated inflammatory responses. Comprehending CHIKV’s
pathophysiology and its interactions with the human immune system is essential for
devising effective therapies and prevention strategies [115]. The CHIKV capsid protein (CP)
possesses two NESs and one NLS [116,117]. CP specifically associates with the C-terminal
NLS-binding domain of importin-«3 for nuclear translocation [116]. It engages with Crm1
via a nuclear export signal situated within a leucine-rich region (amino acid residues
143-155), directing importin-«3 and Crm1 to influence host nucleocytoplasmic transport.
The mutation of the CP NES at the N-terminus (residues 44-53) results in the nuclear
retention of CP and obstructs the host’s nuclear import mechanism for undetermined
reasons [117].

CHIKY nonstructural protein 2 (nsP2) is instrumental in mitigating the host’s IFN-
induced antiviral response [118-121]. Although nsP2 does not possess a typical NLS,
its nuclear import is crucial for its interferon-antagonistic actions [121]. Analogous to
DENV NS3, nsP2 undergoes transitory nuclear localization during the initial stages of
infection, thereafter relocating to the cytoplasm as the infection advances. nsP2 employs
multiple mechanisms to suppress IFN signaling and establish a favorable environment
for viral replication. These include translational repression, which reduces levels of cyclic
GMP-AMP synthase (cGAS), a key sensor in the host’s innate immune system [118,122].
Additionally, nsP2 diminishes the activation of STAT1 and impairs the nuclear import of pY-
STAT1, a crucial transcription factor for IFN-stimulated gene expression [120]. Furthermore,
nsP2 promotes the nuclear export of STAT1, effectively disrupting its ability to sustain
an antiviral response [119]. These strategies underscore nsP2’s central role in CHIKV’s
immune evasion and highlight its potential as a target for antiviral therapies.

3.1.4. Dengue Virus (DENV) and Zika Virus (ZIKV)

Flaviviruses, belonging to the Flaviviridae family, are diminutive, enveloped, positive-
sense RNA viruses that reproduce within vesicular packets on the endoplasmic reticulum.
The dengue virus (DENV), a prominent mosquito-borne flavivirus in tropical and sub-
tropical areas, induces dengue illness. The DENV nonstructural proteins NS3 helicase
and NS5 RNA-dependent RNA polymerase (RdRp) constitute a complex crucial for vi-
ral replication [123,124]. NS5 obstructs IFN-induced antiviral responses by promoting
the degradation of STAT2 [125]. It has a bipartite NLS, including a BNLS for binding
to importin-31 and a cNLS for binding to importin-oc/ 1 [126,127]. Nuclear import is
chiefly facilitated by importin-o/ 31; nevertheless, subsequent studies revealed that these
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NLSs are inaccessible to host importins [128]. The subcellular localization of NS5 dif-
fers across DENV serotypes: NS5 from DENV2 and DENV3 is located in the nucleus,
whereas NS5 from DENV1 and DENV4 is found in the cytoplasm [129,130]. A recently
discovered monopartite nuclear localization signal at the C-terminus of NS5 is associated
with robust importin-«2 binding in DENV2/3, while showing diminished interactions
in DENV1/4 [130]. The nuclear export of NS5 through Crm1 is associated with elevated
IL-8 production and reduced viral replication, but the underlying mechanism remains
ambiguous [131]. Abnormalities in the nuclear envelope and reduced integrity of the NPC
have been noted in DENV-infected cells, with NS3 and its cofactor NS2B3 facilitating the
proteolytic degradation of FG-nucleoporins, such as Nup62, Nup153, and Nup98 [132]. NS3
possesses putative NLS and NES, initially localizing to the nucleus during early infection
stages and then migrating to the cytoplasm [133].

The Zika virus (ZIKV), a member of the Flaviviridae family, has attracted attention
due to its correlation with microcephaly in infants born to infected women [134,135]. Like
DENV, ZIKV utilizes host NTRs and Nups via its NS3 helicase and NS5 RdRp. ZIKV NS3,
along with NS2B3, destroys FG-rich nucleoporins, including TPR, Nup153, and Nup98,
hence compromising NPC integrity and the structure of the nuclear envelope [132]. ZIKV
NS5 possesses a bipartite nuclear localization signal (3NLS and cNLS) that is acknowledged
by importin-«7, enabling its nuclear translocation and safeguarding against cytoplasmic
degradation, hence enhancing viral replication [136,137]. Although the ¢cNLS was first
regarded as the principal NTR binding site [138], both BNLS and cNLS are essential
for nuclear import [87]. Upon entering the nucleus, NS5 sequesters a-importins («1,
a3, and «4) within nuclear bodies, interacting with STAT1 in glioblastoma cells, but not
in hepatocellular carcinoma cells, indicating tissue-specific functions in inflammatory
responses [138]. In contrast to the NS5 protein of the Japanese encephalitis virus (JEV),
which competes with host IRF3 and NF-«B for a-importins [139], ZIKV NS5 inhibits TANK-
binding kinase 1, hence obstructing IRF3 activation and interferon generation [140]. ZIKV
NS2A further promotes chaperone-mediated autophagy of importin-«1, perhaps inhibiting
host antiviral responses.

3.1.5. Ebola Virus (Zaire Ebolavirus)

The Ebola virus (EBOV), belonging to the Filoviridae family, is a filamentous, en-
veloped, single-stranded, negative-sense RNA virus. Six species of EBOV have been found,
with the Zaire ebolavirus species responsible for two outbreaks in Africa, leading to fatality
rates of 40% and 66%. EBOV replicates in the cytoplasm and utilizes the host’s nuclear
transport system to circumvent IFN-mediated antiviral responses.

The viral protein VP24 selectively interacts with importin-«5, -a6, and -«7, but not
with importin-«1, -&3, or -o4 [141,142]. VP24 identifies a non-classical NLS-binding site
in importin-«6, allowing EBOV to inhibit the nuclear translocation of pY-STAT1 and re-
duce interferon signaling, including the generation of IFN-A [142-144]. VP24 additionally
associates with unphosphorylated STAT1 (U-STAT1), which translocates to the nucleus
autonomously, bypassing importins, through Nup153 and Nup214 to modulate particular
IFN-induced genes [145-147]. The interaction of VP24 with importin-«5 results in the cyto-
plasmic accumulation of hnRNP C1/C2, a nuclear protein implicated in IRES-dependent c-
myc translation during mitosis [148,149]. Comparable translocation of hnRNP C1/C2 to the
cytoplasm has been documented in other viruses to facilitate replication or IRES-mediated
protein synthesis [150-153], underscoring its essential function in EBOV replication.

EBOV replication transpires within inclusion bodies (IBs), constituted by nucleopro-
teins (NPs) and VP35 [154]. Importin-«7 is crucial for IB development, promoting genomic
RNA replication [155]. Alongside genomic RNA, sub-genomic EBOV mRNAs are generated
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for the synthesis of viral proteins. EBOV NP engages with Nxf1, altering the RNA-binding
affinity of Nxf1 from nucleoporins to mRNA. This association facilitates the export of viral
mRNA to the cytoplasm for translation [156].

3.2. Viruses That Replicate in the Nucleus
3.2.1. Human Immunodeficiency Virus (HIV)

The human immunodeficiency virus (HIV), belonging to the Retroviridae family, is
an encapsulated, positive-sense, single-stranded RNA virus that was initially identified in
1981 as the causative agent of a new disease affecting T cells. HIV-1, which is more virulent
and infectious than HIV-2, is the primary etiological agent of acquired immunodeficiency
syndrome (AIDS) in the current epidemic [157]. After entering the host cell, the intact, cone-
shaped HIV-1 capsid, containing the viral DNA, traverses microtubules and motor proteins
across the cytoplasm towards the nuclear perimeter [158-161]. The viral replication complex
performs reverse transcription, resulting in the formation of a pre-integration complex (PIC)
that facilitates nuclear entry [162]. Mutations in HIV proteins and the silencing of certain
Nups affect the selection of integration sites for viral cDNA, highlighting the significance
of nuclear import in viral replication and host genome targeting [163].

Initially, it was thought that the HIV-1 capsid disassembled quickly upon entry, facili-
tating the release of the PIC for nuclear import via the NPC [164]. Recent investigations
indicate that the HIV-1 capsid remains intact during reverse transcription and may only
uncoat upon entering the nucleus [165-168]. Upon arriving at the NPCs, it interacts with
NUP358 on the cytoplasmic side and attaches to the NPC through its elongated, CA
pentamer-rich terminus. The capsid subsequently infiltrates the spiderweb-like core chan-
nel of the NPC. Advanced imaging methodologies, including cryo-electron tomography
(cryo-ET) and subtomogram averaging, have demonstrated that the complete HIV-1 capsid
may traverse the NPC in its entirety [169]. This discovery contradicts the previous idea
that capsid breakdown was essential for nuclear import. The diameter of the nuclear
pore in a transport-ready condition surpasses the wider end of the capsid (~60 nm), fa-
cilitating complete capsid entry. Zila and colleagues suggested a three-phase model for
capsid nuclear import, in which the intact capsid successively interacts with several Nups.
During the initial phase, the capsid interacts with FG-repeats and the cyclophilin (Cyp)
domain of Nup358 on the cytoplasmic aspect of the NPC. Xue et al. additionally found
that both Nup35 and POM121 assist in the nuclear entrance of the HIV capsid following its
interaction with Cyp [170].

During the second phase, it navigates the NPC core, engaging with FG-rich Nup62
complexes. In the last phase, the capsid interacts with Nup153 and cleavage and polyadeny-
lation specificity factor subunit 6 (CPSF6), initiating uncoating and releasing the PIC into
the nucleoplasm. Structural study of the docked entire capsids revealed connected striated
patterns of lattice disorder, possibly associated with the intrinsic elasticity of the capsid.
The presence of uncondensed genomic material within the docked capsid increases the
overall lattice disorder of the capsid. This indicates that innate “elasticity” can assist the
capsid in adapting to stress while maintaining structural integrity during translocation.

Furthermore, recent findings indicate that the HIV capsid functions as a nuclear
transport receptor, facilitating its passage through the nuclear pore complex by engaging
with the FG domains of nucleoporins [171-173]. The capsid functions similarly to a nuclear
transport receptor, with its interior serving as a cargo container. This "self-translocating’
method eliminates the necessity for trans-acting NTRs, which would otherwise augment
the capsid’s width by a minimum of 10 nm, thus evading the size constraints imposed by
the NPC scaffold and overcoming a significant obstacle to infection (Figure 3).
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HIV also alters host nuclear transport mechanisms to escape immune responses and
promote replication. Viral protein R (Vpr) impedes host antiviral mechanisms by binding to
a-importins (mostly «5 and, to a lesser degree, «1 and o4), thus obstructing IRF3 activation
and its nuclear import, along with the nuclear translocation of NF-«kB [174]. Vpr includes
NLSs at both the N-terminal and C-terminal regions.

HIV-1 Rev is essential for the export of unspliced viral RNA (vRNA) to the cytoplasm
for translation [175]. Rev contains an arginine-rich NLS in its N-terminal domain, facil-
itating importin-B1-mediated nuclear import, and a leucine-rich NES in its C-terminal
area. Rev binds vRNA via the Rev response element (RRE) and engages with Crm1 in a
RanGTP-dependent fashion to facilitate the export of VRNA as a viral ribonucleoprotein
(VRNP) complex. The export mediated by Rev entails indirect contacts between vRNP
and nucleoporins, including Nup214, Nup153, Nup98, and Nup62, facilitated by Rev
cofactors [5,176-178].

Additionally, Rev obstructs Nxfl-mediated RNA export, hence facilitating appropri-
ate viral gene expression by preventing premature translation of viral transcripts [175].
This suppression facilitates HIV persistence despite antiretroviral therapy, as Crm1 and
Rev-mediated export of unspliced HIV transcripts can induce persistent inflammation in
infected individuals [179].

These findings collectively highlight the complex pathways via which HIV-1 exploits
host nucleocytoplasmic trafficking to facilitate its reproduction, evade the immune response,
and maintain survival, while concurrently altering host nuclear transport to promote its
lifecycle. Additional investigation into these mechanisms may yield novel pharmaceutical
targets for the effective treatment of HIV infection [5,176-178].

3.2.2. Influenza A Virus (IAV)

Influenza A virus (IAV), belonging to the Orthomyxoviridae family, is an enveloped,
segmented, negative-sense RNA virus responsible for pandemic respiratory diseases. In-
tranuclear routes are used for viral gene expression as IAV proliferate within the host cell
nucleus. Two of the eight genomic vRNP segments of IAV generate viral mRNAs (M and
NS) that undergo alternative splicing before being exported from the nucleus [180]. IAV
genomic RNAs are encapsulated with a viral nucleoprotein (NP) and a heterotrimeric RNA-
dependent RdRp complex, consisting of PA, PB1, and PB2, into rod-shaped vRNPs [181].
After entry, free vRNPs are transported to the nucleus for transcription and replication
of viral RNA. Both the NP and the RdRp components possess NLSs essential for nuclear
import [182]. IAV NP contains two NLSs: a non-classical N-terminal NLS [183] and a
centrally located bipartite classical NLS (cNLS) [184], both sufficient for vVRNP nuclear
import. Mutations in the bipartite cNLS do not prevent nuclear import, indicating that
the non-classical NLS, which binds importins &5 and «7, is the primary driver of nuclear
transport and critical for replication [185].

PB2, a component of the RdRp, possesses a conventional bipartite NLS that interacts
with a-importins (x1, «5, and «7), with a preference for importin-«7 [186-189]. Importins
ol and o7 enhance PB2 polymerase activity, while importin-a3 acts as a negative regu-
lator [188]. Highly pathogenic avian influenza viruses (HPAIVs) with human-like PB2
reduce importin-a3 expression, inhibiting the nuclear transport of NF-kB and weakening
host antiviral responses [190]. Furthermore, the importin- family member IPO5 (RanBP5)
establishes an import complex with PA and PB1, modulating PA-PB1 interactions for vVRNA
binding [191,192].

The Crm1-facilitated nuclear export of newly synthesized vRNPs is an essential phase
in the replication cycle of numerous viruses. The export process guarantees the efficient
transfer of vRNPs, composed of viral RNA encapsulated by nucleoproteins, from the
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nucleus to the cytoplasm, where future phases of the viral lifecycle, such as assembly and
budding, take place. The nuclear export of vRNPs is enabled by a multiprotein complex
that includes vRNP, matrix protein 1 (M1), and nonstructural protein 2 (NS2) [193,194]. The
host Ran protein enhances the binding affinity of Crm1 to the IAV NS2 protein, thereby
promoting the nuclear export of vVRNP [195]. IAV NS1 suppresses host mRNA export by
diminishing Nup98 expression and creating an inhibitory complex with mRNA export
factors including Rael, Nxt1, Nxf1, and E1B-AP5 [196]. In severe infections, reduced PD1
levels enable direct binding of IAV vRNA to Nxfl, facilitating nuclear export through
interactions with Nup62, bypassing the need for mRNA export factors (e.g., Nxt1, Crm1)
or FG-containing nucleoporins (e.g., Nup98, Nup214) [197]. In addition to IAV proteins,
the virus also exploits the host factor, Makorin-2 (MKRN2), to facilitate JAV mRNA export
potentially through its association with the RNA export mediator GLE1 [198].

3.2.3. Human Papillomavirus (HPV)

The human papillomavirus (HPV), a member of the Papillomaviridae family, is a small,
icosahedral, non-enveloped virus with a double-stranded DNA genome. HPV has garnered
significant attention due to its strong association with various cancers, particularly cervical
cancer. In 1995, the International Agency for Research on Cancer (IARC) classified HPV16
and HPV18 as human carcinogens, recognizing their critical role in the etiology of cervical
cancer and other anogenital [199] and oropharyngeal malignancies [200]. Unlike many
DNA viruses that utilize NPCs for nuclear entry, HPV takes a distinct approach to accessing
the host nucleus. During mitosis, as the nuclear envelope disintegrates, the viral genome
takes advantage of the transient loss of the nuclear barrier to gain entry into the nucleus.
Once inside, HPV replicates its genome and hijacks the host’s transcriptional machinery to
express viral proteins, which contribute to viral replication and oncogenesis. This unique
nuclear entry mechanism highlights HPV’s adaptation to the cellular environment and
underscores its reliance on host cell division for successful infection and replication. These
characteristics make HPV a compelling target for preventive measures, including vaccines,
and therapeutic interventions aimed at mitigating its oncogenic potential [201,202].

The nucleocytoplasmic transport of the oncoproteins E6 and E7 in high-risk HPVs
drives carcinogenesis. High-risk E6 (E6high) localizes to the nucleus due to three NLSs in
its C-terminus, interacting with importin-«1/1, importin-f1, and importin-f32, while low-
risk E6 (E6low) remains primarily in the cytoplasm unless fused with an E6high NLS [203].
Nuclear E6high facilitates p53 degradation via polyubiquitination, independent of MDM2,
but requires the p53 NES for Crm1-mediated nuclear export [204].

High-risk E7 (E7high) translocates to the nucleus to reprogram the host cell cycle,
inducing S-phase re-entry for viral DNA amplification [198]. While initially thought to lack
an NLS, HPV16 E7 contains two NLSs in its N-terminal and CR3 domains [205]. Nuclear
import occurs independently of importins but involves hydrophobic interactions with
FG-domains of Nup62 and Nup153 [206,207]. This hydrophobic interaction is conserved
across other HPV types, including HPV8 and HPV11 [207,208]. A functional NES allows
Crml-dependent nuclear export of E7 [205].

HPV encodes E1 DNA helicase and E2 origin recognition proteins to hijack host DNA
replication machinery. E1 proteins possess bipartite NLSs and interact with importins
«l, «3, and «5 for nuclear import, activated by host ERK or JNK kinases [209,210]. E1
also contains a Crm1-dependent NES, regulated by CDK phosphorylation, ensuring its
nuclear retention for viral replication [210,211]. E2 localization varies between low- and
high-risk HPVs, with low-risk E2 primarily nuclear, while high-risk E2 shuttles between
the cytoplasm and nucleus [212]. High-risk E2 NES-mediated cytoplasmic accumulation
induces caspase-8-mediated apoptosis, highlighting its role in regulating cell death [212].
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Capsid proteins L1 and L2 play essential roles in the assembly of HPV virions, medi-
ating key processes for viral genome encapsidation and infectivity. HPV16 L1, the major
capsid protein, contains both monopartite and bipartite NLSs that facilitate its nuclear
import. This process occurs through an importin-«1/1-dependent pathway, requiring the
RanGDP/GTP cycle but notably independent of GTP hydrolysis [213]. Additionally, L1 can
bind directly to importin-f32; however, this interaction is distinct in that RanGTP fails to
dissociate the L1-importin-f32 complex, a mechanism that can interfere with the nuclear im-
port of other cargoes, such as hnRNP A1 [213]. The nuclear import of L2, the minor capsid
protein, is equally critical for successful virion assembly. L2 interacts with several nuclear
transport receptors, including importin-32, importin-5, and importin-«1/1 heterodimers,
to gain access to the nucleus. Interestingly, L2 also harbors a NES, but the functional role of
this NES remains unclear [214]. These intricate interactions between capsid proteins and
the host nuclear transport machinery underscore the sophisticated strategies HPV employs
to hijack cellular pathways for efficient virion assembly and highlight potential therapeutic
targets for disrupting HPV replication and assembly.

3.2.4. Hepatitis B Virus (HBV)

The Hepatitis B virus (HBV), belonging to the Hepadnaviridae family, is a diminutive,
encased, double-stranded DNA virus that replicates in hepatocytes. Acute HBV infection
can result in acute hepatitis, characterized by liver inflammation, jaundice, and elevated
liver enzyme levels. While many individuals clear the virus and recover fully, in a subset
of cases, HBV infection persists, transitioning into a chronic state. Chronic HBV infection
significantly increases the risk of developing hepatocellular carcinoma (HCC), the most
common form of primary liver cancer. This elevated risk arises from the cumulative
effects of ongoing liver inflammation, viral integration into the host genome, and the
disruption of normal cellular processes, which collectively promote genomic instability
and tumorigenesis. Understanding the mechanisms underlying HBV persistence and its
link to HCC is crucial for improving prevention, diagnosis, and treatment strategies [215].
Within the nucleus, the HBV capsid disassembles, releasing relaxed circular DNA (rcDNA).
The host’s DNA repair machinery converts rcDNA into covalently closed circular DNA
(cccDNA), which serves as the template for viral RNA transcription [216].

Phosphorylation of the C-terminal HBV core/capsid protein (Cp) exposes its
NLS, allowing recruitment of classical importin-a/31 receptors to mediate nuclear
import [217,218]. Additionally, the synthesis of (+) DNA and removal of viral DNA poly-
merase from rcDNA induce a conformational change in Cp, revealing its C-terminal
NLS [219]. During nuclear translocation through the NPC, RanGTP dissociates the Cp-
importin-oc/ 1 complex, enabling Cp interaction with Nup153. This interaction, distinct
from hydrophobic mechanisms, is specific to Nup153, the only FG-containing nucleoporin
engaged by Cp [220]. Mature HBV capsids disassemble in a Ran-independent manner to
release rcDNA, while immature capsids fail to disassemble.

Cp contains four arginine-rich domains (ARDs): ARD I and III function as NLS-
like regions, while ARD II and IV act as NES-like regions [221]. The Cp NES is critical
for Nxfl-mediated export of pre-genomic RNA (pgRNA), an essential step for virion
production [221]. Cp subcellular localization is regulated by intrinsic factors (NLS and
NES) and extrinsic factors (importins, Nxf1, and cellular kinases) [221]. Elevated nuclear
Cp concentrations promote Crm1-dependent export, suggesting that Cp concentration
influences export signaling [222]. Recent studies have revealed that HBV exploits the host
Crm1 to export its capsid containing pgRNA [223,224]. Two NES were found at the spike
tips of HBV capsid particles [224]. However, HBV capsid is not essential for Crm1-mediated
pgRNA nuclear export because another host factor, the Embryonic lethal, abnormal vision,
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Drosophila-like 1 (ELAVL1, or HuR) protein, binds directly to pgRNA [223]. ELAVL1 then
recruits ANP32A and ANP32B, which contain leucine-rich NES, to facilitate the export of
PgRNA to the cytoplasm via the Crm1-mediated pathway [223]. Additionally, unbound Cp
can interact directly with importin-f1 via its IBB domain, though the biological relevance
of this interaction remains unclear [225].

The hepatitis B virus e antigen (HBeAg), also referred to as the precore protein inter-
mediate (p22), plays a pivotal role in modulating the host immune response. Through its
C-terminal arginine-rich domain (ARD), HBeAg interacts specifically with importin-«5, a
key nuclear transport receptor. This interaction inhibits the nuclear import of pY-STAT1,
a critical transcription factor involved in IFN-mediated antiviral signaling. By blocking
pY-STAT1 translocation to the nucleus, HBeAg effectively suppresses the activation of
interferon-stimulated genes (ISGs), thereby dampening the host’s antiviral defense mech-
anisms. This immune evasion strategy highlights the sophisticated ways in which HBV
undermines host immunity to establish persistent infection and underscores the importance
of HBeAg in HBV pathogenesis [226]. This highlights the multifaceted strategies HBV em-
ploys to manipulate host nucleocytoplasmic trafficking for immune evasion and replication.

3.2.5. Herpes Simplex Virus Type-1, Human Cytomegalovirus, and Epstein-Barr Virus

Herpes Simplex Virus Type 1 (HSV-1):

HSV-1, a double-stranded DNA «-herpesvirus, causes cold sores in humans [227].
Subsequent to internalization, the viral capsid uses microtubules to reach the nucleus, where
it releases viral DNA for transcription and replication [228]. The tegument proteins VP1/2
and pUL25 play critical roles in herpesvirus infection by mediating the docking of the viral
capsid onto the NPC. These proteins interact with key NPC components, such as Nup358
and Nup214, to ensure precise capsid positioning at the nuclear envelope, a prerequisite
for successful viral genome delivery into the nucleus. VP1/2 contains an N-terminal
NLS that facilitates its interaction with importin-1, a major nuclear transport receptor.
Interestingly, this NLS does not engage with importin-«, highlighting a unique mechanism
of NPC targeting. This importin-31-mediated docking mechanism enables the viral capsid
to exploit the host’s nucleocytoplasmic transport machinery for efficient nuclear entry,
underscoring the critical role of VP1/2 and pUL25 in the herpesvirus lifecycle [229,230].
While importins are not required for capsid docking or genome import, they modulate
viral protein nuclear localization and production [231]. The DNA polymerase subunits
pUL30 and pUL42 use multiple nuclear import pathways, with pUL30 interacting with
importin-o5 and pUL42 primarily binding importin-«7 [232-235]. Capsid assembly and
egress rely on importin-«1, as silencing importin-«1 or «3 inhibits HSV-1 gene expression
in differentiated cells like neurons [231].

HSV-1 ICP27, an immediate-early protein, enhances viral gene expression and medi-
ates the export of intronless HSV-1 mRNAs by recruiting Aly/REF and Nxf1 [236-238]. Re-
duction of Aly/REF does not inhibit mRNA export, suggesting alternative pathways [239].
ICP27 interacts with Nup62 for nucleocytoplasmic shuttling, bypassing traditional importin-
or transportin-dependent pathways [240,241].

Human Cytomegalovirus (HCMV):

HCMYV, a 3-herpesvirus, causes severe complications in immunocompromised individ-
uals, including mononucleosis, thromboembolism, and encephalitis. Hong and colleagues
reported that HCMV and HSV-1 hijacked host immune adaptor stimulator of interferon
genes (STING) for nuclear import of viral genome [242]. Later, Lee and coworkers found
that host YES-associated protein (YAP) negatively regulates HCMV replication by down-
regulating STING expression [243]. HCMV pUL44, a viral DNA polymerase processivity
factor, expresses a classical NLS to exploit host importin-o for nuclear translocation, which
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is inhibited by phosphorylation [244]. HCMV pUL97, a kinase with two isoforms, manipu-
lates host cell-cycle regulators for viral replication. The larger isoform has two bipartite
NLSs, enabling superior nuclear localization compared to the smaller isoform, which has
only one NLS [245,246]. pUL79, an elongation factor for RNA polymerase II, uses a PY-NLS
for importin-B2-mediated nuclear import [247,248]. HCMV pULB84, essential for lytic DNA
synthesis, depends on importin-o isoforms (x1, «3, a4, and «5) for nuclear import and has
two Crm1-dependent NESs for export [249-251]. pUL69, akin to HSV-1 ICP27, facilitates
the export of intronless viral mRNAs by interacting with UAP56/ URH49 and Nxf1-Nxt1.
CDKO9 phosphorylation of pUL69 is critical for its mRNA export function [252,253].

Epstein—Barr Virus (EBV):

EBV, a y-herpesvirus, is linked to lymphomas (e.g., Burkitt’s, Hodgkin’s) and nasopha-
ryngeal carcinoma [254]. During latency, EBNA1 facilitates viral DNA retention in the
nucleus via its NLS, which interacts with importin-«1 and «5 [255]. During lytic replica-
tion, viral proteins (e.g., BSLF1, BBLF2/3, BBLF4, VCA) lacking NLSs require BGLF4 to
promote nuclear import by phosphorylating FG-Nups (Nup62, Nup153) and reorganizing
microtubules [256]. BGLF4 homologs in other herpesviruses, such as HSV-1 UL13 and
HCMYV UL97, also facilitate nuclear lamina disassembly [257,258].

EBV mRNA export relies on EB2 (SM protein), which interacts with Crm1, Ran, and
Nup214 to transport unspliced viral mRNA [259]. Nuclear egress proteins BFLF1 and
BFRF2 form a nuclear egress complex (NEC) in the inner nuclear envelope to export viral
capsids [260,261]. BFLF2 interacts with Nxf1 for RNA-independent export but does not
require Crm1. Functional NESs in BFLF2 resemble those in HSV-1 UL31, which also uses
Ran, importin-«1, and importin-f2 for nuclear import [262].

Tegument Protein Export:

HSV-1 tegument proteins possess diverse export mechanisms. While HSV-1 pUL21
and pUL48 rely on Crm1-dependent export, others like pUL14 are Crm1-independent. EBV
tegument proteins pBTRF1 and pBGFL3 use Rev-like and PKI-like NESs, respectively, for
Crml-dependent export [263]. These varied export mechanisms reflect the adaptability of
herpesviruses in nucleocytoplasmic transport.

4. Targeting Host Nuclear Transport Machinery: Potential
Antiviral Strategies

The exploitation of host nucleocytoplasmic trafficking pathways is essential for viral
replication, enabling genome replication, assembly of viral components, suppression of
antiviral immune responses, and modulation of the host cellular environment to favor
infection. In clinical settings, viral polymerase inhibitors are widely used to combat
RNA and DNA viruses, including Ebola virus (EBOV) [264], human immunodeficiency
virus (HIV) [265], and human papillomavirus (HPV) [266]. While these inhibitors have
shown considerable efficacy, targeting nuclear transport pathways offers an alternative
therapeutic approach.

Nuclear transport inhibitors aim to disrupt the trafficking of viral components or
modulate host nuclear transport machinery to reduce viral replication and improve clinical
outcomes. These inhibitors can be employed as standalone therapies or in combination
with other antiviral agents, such as polymerase inhibitors, to achieve synergistic effects.
This section delves into both host-specific and virus-specific nuclear transport inhibitors,
highlighting their mechanisms of action, potential benefits, and ongoing clinical trials
evaluating their effectiveness in treating viral infections. These strategies represent a
promising avenue for expanding the arsenal of antiviral therapies.
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4.1. Targeting Host Nuclear Import Pathways: Specific Inhibitor Strategies

The importin-oc/ 1 heterodimer is a key nuclear transport receptor exploited by many
viruses. Inhibitors targeting importin-o include Bimax (1 and 2) [267], cSN50.1 [268,269],
Ivermectin [270,271], and GW5074 [272]. Of these, cSN50.1 selectively inhibits importin-
a5 [269], while Ivermectin and GW5074 block cargo loading and heterodimer assembly by
binding importin-«. Ivermectin exerts broad-spectrum antiviral activity, including against
SARS-CoV-2 [273], while GW5074 shows efficacy against DENV2 and ZIKV in vitro [273].

Importin-f3 inhibitors prevent the formation of the cargo-receptor ternary complex.
Notable inhibitors include Importazole [274], INI-43 [275], Karyostatin [276], and M9M
(specific to importin-f32) [277]. Among these, only MOM has been evaluated for antiviral
activity, successfully blocking HSV-1 UL6 nuclear import [278].

4.2. Host-Specific Nuclear Export Inhibitors

Crml is a crucial target for viral nuclear export. Leptomycin B (LMB) and its deriva-
tives [279,280], along with selective inhibitors of nuclear export (SINE) [281,282], target
Crm1’s Cysteine-528 site. LMB irreversibly inhibits Crm1 by forming a salt bridge [283],
leading to adverse effects in clinical trials [284]. Conversely, SINEs, such as Selinexor and
Verdinexor, inhibit Crm1 reversibly, reducing toxicity [285]. As Crml is crucial for the
nuclear export of a vast number of cargo types, it is a main target.

4.3. Inhibitors of Viral-Specific Nuclear Transport

N-(4-hydroxyphenyl) retinamide (4-HRP) inhibits Flavivirus polymerase NS5 nuclear
import, indicating efficacy against DENV and ZIKV while preventing antibody-dependent
enhancement (ADE) in dengue hemorrhagic fever [286-288]. In neurons, 4-HRP blocks
ZIKV NS5 nuclear accumulation, potentially reducing neurological complications [138].

SARS-CoV-2 Orf6 oligomerization could disrupt host nucleocytoplasmic traffick-
ing. Nishide et al. demonstrated that LLPS inhibitors, such as 1,6-hexanediol (1,6-HD)
and cyclohexanediol (CHD), promoted disassembly of Orf6 oligomers by disrupting hy-
drophobic interactions [97]. Inhibition of SARS-CoV-2 guanine-N7-methyltransferase by
small molecules [289,290] not only suppresses viral replication but could also restore host
mRNA exports.

HIV capsid inhibitors GS-6207 and GS-CA block viral PIC nuclear entry by targeting
the capsid at Nup153 and CPSF6 interaction sites, disrupting capsid assembly and replica-
tion. The results of clinical trials indicated that G5-6207 provides long-lasting suppression
of HIV viral load [291]. In addition to inhibiting the interaction of capsid with host factors,
capsid inhibitors could also reduce its elasticity and prevent the nuclear entry of HIV
capsid [292]. Targeting the NLS of HIV-1 integrase with GRL-42 to inhibit nuclear import
of the HIV-1 pre-integration complex (PIC) is also a promising strategy to combat HIV-1
infectivity and replication [293].

For TAV, Mohl et al. identified inhibitors targeting PB1/PA-RanBP5 interactions,
impairing polymerase activity and nuclear localization in vitro [294]. The inhibition of
nuclear import and export of IAV ribonucleoproteins has been actively investigated to
develop new therapeutics for halting IAV replications. Examples include CDK9 inhibitor
(LDCO000067) [295], viral nuclear export protein peptide mimics [296], sodium polyoxo-
tungstate [297], NRF2 activators [298,299], chalcone-like derivatives [300,301], and Arte-
sunate [302]. For EBOV, oligonucleotide-based aptamers (VPKS-2 and VPKS-5) and macro-
cyclic peptides inhibit VP24 interactions with importins a1 and «6, restoring host antiviral
defenses [303,304].

In HPV, recombinant p56 protein inhibits E1 helicase activity, blocking viral DNA
replication and promoting E1 nuclear export [305,306]. HBV capsid assembly modulators
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(CAMs), including HAPs, PPAs, and SBAs, prevent nuclear entry and disrupt cccDNA
production, reducing chronic infection and viral load [307-309].

4.4. Advancing Nuclear Transport Inhibitors for Antiviral Therapeutics

Ivermectin has undergone clinical trials for antiviral efficacy. Results suggest that Iver-
mectin has no clinical value for early-diagnosed COVID-19 patients [310], mild to moderate
COVID-19 cases [311], reducing of long COVID-19 incidences [312], or lowering of SARS-
CoV-2 viral load [313]. Ivermectin has also shown potential in clearing NS1 antigenemia in
dengue fever, though its role in preventing severe disease remains unexplored [314]. Vari-
ous clinical trials highlight the reduced toxicity of SINE inhibitors Selinexor and Verdinexor
when compared to LMB. Selinexor is under evaluation for treating COVID-19, while
Verdinexor has shown promise in preclinical studies [281,284]. Both SINEs are under
evaluation for antiviral efficacy, with Selinexor showing promise in moderate-to-severe
COVID-19 cases.

Among viral-specific inhibitors, Lenacapavir (G5-6207) significantly reduced HIV
viral load in clinical trials [291]. Moreover, two clinical studies reported that Lenacapavir
is also effective in suppressing multidrug-resistant HIV-1 viruses [315,316]. REBACIN®,
evaluated in HPV patients, inhibits E6 and E7 mRNA transcription and has shown superior
efficacy compared to interferon in persistent high-risk HPV infections [317,318]. For HBV,
CAMs such as NVR 3-778 and GLS4 have exerted antiviral activities, reducing viral DNA
and RNA levels with minimal side effects [319,320].

5. Conclusions

Viral proteins often mimic host cellular factors to hijack nuclear transport mechanisms,
a strategy that enables them to efficiently replicate within host cells. By targeting the nuclear
transport machinery, these viral proteins manipulate nucleocytoplasmic trafficking to de-
liver viral genomes, enzymes, and other components to specific subcellular compartments.
In addition to facilitating replication, this mimicry allows viruses to reprogram host cellular
processes, including gene expression and signal transduction, to create an environment con-
ducive to their lifecycle. Simultaneously, these strategies help viruses evade host immune
defenses by disrupting key pathways, such as interferon signaling and the nuclear transloca-
tion of antiviral transcription factors. This dual functionality underscores the sophisticated
mechanisms viruses use to exploit host systems for survival and propagation. In addition
to affecting nuclear transport, certain viral genomes behave like oncogenes, functioning as
enhancers [321] to facilitate viral replications [322] or induce oncogenesis [323]. Nuclear
transport inhibitors have emerged as a promising class of therapeutics capable of targeting
key processes in viral lifecycles. By disrupting the nucleocytoplasmic trafficking pathways
exploited by viruses, these inhibitors can effectively halt viral replication, preventing the
transport of viral genomes, proteins, or ribonucleoprotein complexes to their intended
subcellular destinations. Additionally, nuclear transport inhibitors can impair the assembly
of viral components by blocking their nuclear import or export, thereby interfering with
virion formation and maturation. Beyond directly targeting viral processes, these inhibitors
can also restore host immune responses by preserving the nuclear translocation of critical
antiviral factors, such as STAT1 and IRF3, which are often inhibited by viral proteins. This
multifaceted approach highlights the therapeutic potential of nuclear transport inhibitors
in combating viral infections and mitigating their impact on host cellular functions. Host
factor inhibitors, such as Ivermectin, offer broad-spectrum antiviral potential by targeting
essential nuclear transport receptors like importin-f1 and Crm1. However, their use may
be limited due to potential side effects on critical cellular functions. Additionally, the
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complex clinical spectrum of viral diseases, such as COVID-19, necessitates careful timing
and assessment of host-specific inhibitor treatments to maximize efficacy.

In silico drug screening, when integrated with in vitro and in vivo studies, provides an
efficient strategy for developing viral-specific nuclear transport inhibitors. Computational
methods rapidly identify candidate compounds by screening large chemical libraries for
those targeting viral proteins or their interactions with host nuclear transport machinery.
These candidates are then validated in vitro to assess their efficacy in disrupting viral
nuclear import or export pathways, followed by in vivo studies to evaluate pharmacokinet-
ics, pharmacodynamics, and therapeutic potential. This integrated approach accelerates
drug discovery, reducing costs while ensuring specificity and minimal off-target effects.
However, viruses may counter these strategies by forming viral condensates, which shield
them from antiviral drugs and disrupt host nuclear transport systems, presenting addi-
tional challenges for therapeutic intervention [324]. Drugs targeting viral condensates
could open other avenues for the development of antiviral therapeutics [97,325]. Coupling
viral proteins during nuclear export with the 26S proteasome [67] is another potential
strategy to inhibit viral assembly by promoting the degradation of viral proteins [326]. In
conclusion, based on our experience with HS-AFM imaging of human NPCs, DNA-protein
interactions, viral proteins, viral protein-antibody interactions, and viral protein-organelle
interactions, we emphasize the importance of studying nanoscopic real-time interactions be-
tween viral components and host nuclear transport factors to inform the design of effective
antiviral strategies.

To conclude, viruses have evolved sophisticated mechanisms to exploit the host NPC
and nucleocytoplasmic trafficking machinery. By targeting host NTRs and nucleoporins,
viruses efficiently gain access to the nucleus, underscoring the critical role of these processes
in viral life cycles. This review highlights the complex interplay between viral factors and
host determinants, providing valuable insights into the strategies employed by viruses
to manipulate nuclear import and export. The therapeutic potential of targeting nucle-
ocytoplasmic trafficking has emerged as a promising avenue for antiviral intervention.
Pharmacological inhibitors, which target host nuclear transport systems, impair viral repli-
cation and offer significant potential as antiviral strategies. However, the development of
such therapies requires continued research to identify and exploit specific vulnerabilities
within these pathways, ensuring both efficacy and safety. Advances in high-resolution tech-
niques, such as HS-AFM videography and computational modeling, are revolutionizing
our understanding of host-virus interactions at the molecular level. These tools are not only
unveiling the intricacies of the viral exploitation of the NPC but also driving the discovery
of novel therapeutic targets. By bridging basic research and translational medicine, these
cutting-edge approaches are paving the way for innovative antiviral strategies that could
mitigate the impact of viral infections. Ultimately, a deeper understanding of viral mecha-
nisms for exploiting nuclear pore transport pathways will enhance our ability to develop
targeted therapies, providing a critical foundation for combating existing and emerging
viral threats.

Author Contributions: Conceptualization, R. W.W.; original manuscript writing, R W.W.; revise, K.L.
and RW.W,; figure preparation X.Z.; discussion and analysis Y.Q., K.L. and M.H.; overview and
supervision, R W.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by The World Premier International Research Center Initiative
(WPI). This work was also supported by MEXT/JSPS KAKENHI grant number 24K18449 (to K.L.),
and 22H05537, 22H02209, 23H04278 and 24H01276 (to R W.W.) from MEXT Japan; and by JSTCREST
Grant Number JPMJCR22E3 (to RW.W.), and by grants from the Hokuriku Bank grant (to K.L),
the Takeda Science Foundation, Japan (to RW.W.), and the Shimadzu Science Foundation, Japan
(to RW.W.).



Viruses 2025, 17,151 24 of 38

Acknowledgments: We thank all Richard Wong Lab members for their kind assistance. We also

thank reviewers for their efforts and the constructive comments in our review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chan, Y.K.; Gack, M.U. Viral evasion of intracellular DNA and RNA sensing. Nat. Rev. Microbiol. 2016, 14, 360-373. [CrossRef]

2. Funasaka, T.; Wong, R.W. The role of nuclear pore complex in tumor microenvironment and metastasis. Cancer Metastasis Rev.
2011, 30, 239-251. [CrossRef]

3.  Ikliptikawati, D.K.; Makiyama, K.; Hazawa, M.; Wong, R.W. Unlocking the Gateway: The Spatio-Temporal Dynamics of the p53
Family Driven by the Nuclear Pores and Its Implication for the Therapeutic Approach in Cancer. Int. J. Mol. Sci. 2024, 25, 7465.
[CrossRef]

4. Nakano, H.; Wang, W.; Hashizume, C.; Funasaka, T.; Sato, H.; Wong, R.-W. Unexpected role of nucleoporins in coordination of cell
cycle progression. Cell Cycle 2011, 10, 425-433. [CrossRef] [PubMed]

5. Sajidah, E.S.; Lim, K.; Wong, RW. How SARS-CoV-2 and Other Viruses Build an Invasion Route to Hijack the Host Nucleocyto-
plasmic Trafficking System. Cells 2021, 10, 1424. [CrossRef]

6. Petrovic, S.; Mobbs, G.W.; Bley, C.J.; Nie, S.; Patke, A.; Hoelz, A. Structure and Function of the Nuclear Pore Complex. Cold Spring
Harb. Perspect. Biol. 2022, 14, a041264. [CrossRef]

7. Fernandez-Martinez, J.; Rout, M.P. One Ring to Rule them All? Structural and Functional Diversity in the Nuclear Pore Complex.
Trends Biochem. Sci. 2021, 46, 595-607. [CrossRef] [PubMed]

8.  Penzo, A,; Palancade, B. Puzzling out nuclear pore complex assembly. FEBS Lett. 2023, 597, 2705-2727. [CrossRef]

9. Kutay, U,; Jiihlen, R.; Antonin, W. Mitotic disassembly and reassembly of nuclear pore complexes. Trends Cell Biol. 2021, 31,
1019-1033. [CrossRef] [PubMed]

10. Mallik, S.; Poch, D.; Burick, S.; Schlieker, C. Protein folding and quality control during nuclear transport. Curr. Opin. Cell Biol.
2024, 90, 102407. [CrossRef]

11.  Shen, Q.; Wang, Y.E.; Palazzo, A.F. Crosstalk between nucleocytoplasmic trafficking and the innate immune response to viral
infection. J. Biol. Chem. 2021, 297, 100856. [CrossRef]

12. Dworetzky, S.I; Lanford, R.E.; Feldherr, C.M. The effects of variations in the number and sequence of targeting signals on nuclear
uptake. J. Cell Biol. 1988, 107, 1279-1287. [CrossRef]

13. Panté, N.; Kann, M. Nuclear pore complex is able to transport macromolecules with diameters of about 39 nm. Mol. Biol. Cell
2002, 13, 425-434. [CrossRef] [PubMed]

14. Hampoelz, B.; Andres-Pons, A.; Kastritis, P.; Beck, M. Structure and Assembly of the Nuclear Pore Complex. Annu. Rev. Biophys.
2019, 48, 515-536. [CrossRef] [PubMed]

15. Lin, D.H.; Hoelz, A. The Structure of the Nuclear Pore Complex (An Update). Annu. Rev. Biochem. 2019, 88, 725-783. [CrossRef]
[PubMed]

16. Wong, R.W. New Activities of the Nuclear Pore Complexes. Cells 2021, 10, 2123. [CrossRef] [PubMed]

17.  Wong, R.W. Nuclear Pore Complex: From Structural View to Chemical Tools. Chem. Biol. 2015, 22, 1285-1287. [CrossRef]

18.  Akey, C.W.,; Singh, D.; Ouch, C.; Echeverria, I.; Nudelman, I.; Varberg, ] M.; Yu, Z.; Fang, E; Shi, Y.; Wang, J.; et al. Comprehensive
structure and functional adaptations of the yeast nuclear pore complex. Cell 2022, 185, 361-378 e325. [CrossRef]

19. Allegretti, M.; Zimmerli, C.E.; Rantos, V.; Wilfling, F.; Ronchi, P.; Fung, HK.H.; Lee, C.W.; Hagen, W.; Turotiova, B.; Karius, K,;
et al. In-cell architecture of the nuclear pore and snapshots of its turnover. Nature 2020, 586, 796-800. [CrossRef] [PubMed]

20. Petrovic, S.; Samanta, D.; Perriches, T.; Bley, C.J.; Thierbach, K.; Brown, B.; Nie, S.; Mobbs, G.W.; Stevens, T.A.; Liu, X.; et al.
Architecture of the linker-scaffold in the nuclear pore. Science 2022, 376, eabm9798. [CrossRef]

21.  Schuller, A.P; Wojtynek, M.; Mankus, D.; Tatli, M.; Kronenberg-Tenga, R.; Regmi, S.G.; Dip, P.V,; Lytton-Jean, A.K.R.; Brignole, E.J.;
Dasso, M; et al. The cellular environment shapes the nuclear pore complex architecture. Nature 2021, 598, 667—671. [CrossRef]

22. Hsia, K.C; Stavropoulos, P; Blobel, G.; Hoelz, A. Architecture of a coat for the nuclear pore membrane. Cell 2007, 131, 1313-1326.
[CrossRef] [PubMed]

23. Macara, I.G. Transport into and out of the nucleus. Microbiol. Mol. Biol. Rev. 2001, 65, 570-594. [CrossRef] [PubMed]

24. Ribbeck, K.; Gorlich, D. Kinetic analysis of translocation through nuclear pore complexes. EMBO J. 2001, 20, 1320-1330. [CrossRef]

25. Rout, M.P; Aitchison, ].D.; Magnasco, M.O.; Chait, B.T. Virtual gating and nuclear transport: The hole picture. Trends Cell Biol.
2003, 13, 622-628. [CrossRef] [PubMed]

26. Yamada, J.; Phillips, J.L.; Patel, S.; Goldfien, G.; Calestagne-Morelli, A.; Huang, H.; Reza, R.; Acheson, ].; Krishnan, V.V.; Newsam,

S.; et al. A bimodal distribution of two distinct categories of intrinsically disordered structures with separate functions in FG
nucleoporins. Mol. Cell Proteom. 2010, 9, 2205-2224. [CrossRef]


https://doi.org/10.1038/nrmicro.2016.45
https://doi.org/10.1007/s10555-011-9287-y
https://doi.org/10.3390/ijms25137465
https://doi.org/10.4161/cc.10.3.14721
https://www.ncbi.nlm.nih.gov/pubmed/21270521
https://doi.org/10.3390/cells10061424
https://doi.org/10.1101/cshperspect.a041264
https://doi.org/10.1016/j.tibs.2021.01.003
https://www.ncbi.nlm.nih.gov/pubmed/33563541
https://doi.org/10.1002/1873-3468.14713
https://doi.org/10.1016/j.tcb.2021.06.011
https://www.ncbi.nlm.nih.gov/pubmed/34294532
https://doi.org/10.1016/j.ceb.2024.102407
https://doi.org/10.1016/j.jbc.2021.100856
https://doi.org/10.1083/jcb.107.4.1279
https://doi.org/10.1091/mbc.01-06-0308
https://www.ncbi.nlm.nih.gov/pubmed/11854401
https://doi.org/10.1146/annurev-biophys-052118-115308
https://www.ncbi.nlm.nih.gov/pubmed/30943044
https://doi.org/10.1146/annurev-biochem-062917-011901
https://www.ncbi.nlm.nih.gov/pubmed/30883195
https://doi.org/10.3390/cells10082123
https://www.ncbi.nlm.nih.gov/pubmed/34440892
https://doi.org/10.1016/j.chembiol.2015.10.001
https://doi.org/10.1016/j.cell.2021.12.015
https://doi.org/10.1038/s41586-020-2670-5
https://www.ncbi.nlm.nih.gov/pubmed/32879490
https://doi.org/10.1126/science.abm9798
https://doi.org/10.1038/s41586-021-03985-3
https://doi.org/10.1016/j.cell.2007.11.038
https://www.ncbi.nlm.nih.gov/pubmed/18160040
https://doi.org/10.1128/MMBR.65.4.570-594.2001
https://www.ncbi.nlm.nih.gov/pubmed/11729264
https://doi.org/10.1093/emboj/20.6.1320
https://doi.org/10.1016/j.tcb.2003.10.007
https://www.ncbi.nlm.nih.gov/pubmed/14624840
https://doi.org/10.1074/mcp.M000035-MCP201

Viruses 2025, 17,151 25 of 38

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Peters, R. Translocation through the nuclear pore complex: Selectivity and speed by reduction-of-dimensionality. Traffic 2005, 6,
421-427. [CrossRef] [PubMed]

Mohamed, M.S.; Kobayashi, A.; Taoka, A.; Watanabe-Nakayama, T.; Kikuchi, Y.; Hazawa, M.; Minamoto, T.; Fukumori, Y,;
Kodera, N.; Uchihashi, T.; et al. High-Speed Atomic Force Microscopy Reveals Loss of Nuclear Pore Resilience as a Dying Code
in Colorectal Cancer Cells. ACS Nano 2017, 11, 5567-5578. [CrossRef]

Kapinos, L.E.; Kalita, J.; Kassianidou, E.; Rencurel, C.; Lim, R.Y.H. Mechanism of exportin retention in the cell nucleus. J. Cell Biol.
2024, 223, €202306094. [CrossRef]

Singh, D.; Soni, N.; Hutchings, J.; Echeverria, I.; Shaikh, F.; Duquette, M.; Suslov, S.; Li, Z.; van Eeuwen, T.; Molloy, K.; et al. The
molecular architecture of the nuclear basket. Cell 2024, 187, 5267-5281.e13. [CrossRef]

Unwin, PN.; Milligan, R.A. A large particle associated with the perimeter of the nuclear pore complex. J. Cell Biol. 1982, 93, 63-75.
[CrossRef] [PubMed]

Ando, T. High-speed atomic force microscopy. Curr. Opin. Chem. Biol. 2019, 51, 105-112. [CrossRef]

Mohamed, M.S.; Hazawa, M.; Kobayashi, A.; Guillaud, L.; Watanabe-Nakayama, T.; Nakayama, M.; Wang, H.; Kodera, N;
Oshima, M.; Ando, T.; et al. Spatiotemporally tracking of nano-biofilaments inside the nuclear pore complex core. Biomaterials
2020, 256, 120198. [CrossRef] [PubMed]

Rush, C; Jiang, Z.; Tingey, M.; Feng, E.; Yang, W. Unveiling the complexity: Assessing models describing the structure and
function of the nuclear pore complex. Front. Cell Dev. Biol. 2023, 11, 1245939. [CrossRef] [PubMed]

Larizza, L.; Colombo, E.A. Interdependence between Nuclear Pore Gatekeepers and Genome Caretakers: Cues from Genome
Instability Syndromes. Int. J. Mol. Sci. 2024, 25, 9387. [CrossRef] [PubMed]

Ben-Harush, K.; Maimon, T.; Patla, L; Villa, E.; Medalia, O. Visualizing cellular processes at the molecular level by cryo-electron
tomography. J. Cell Sci. 2010, 123, 7-12. [CrossRef]

Dultz, E.; Wojtynek, M.; Medalia, O.; Onischenko, E. The Nuclear Pore Complex: Birth, Life, and Death of a Cellular Behemoth.
Cells 2022, 11, 1456. [CrossRef] [PubMed]

Elad, N.; Maimon, T.; Frenkiel-Krispin, D.; Lim, R.Y.; Medalia, O. Structural analysis of the nuclear pore complex by integrated
approaches. Curr. Opin. Struct. Biol. 2009, 19, 226-232. [CrossRef] [PubMed]

Yahav, T.; Maimon, T.; Grossman, E.; Dahan, I.; Medalia, O. Cryo-electron tomography: Gaining insight into cellular processes by
structural approaches. Curr. Opin. Struct. Biol. 2011, 21, 670-677. [CrossRef]

Lostao, A.; Lim, K,; Pallarés, M.C.; Ptak, A.; Marcuello, C. Recent advances in sensing the inter-biomolecular interactions at the
nanoscale—A comprehensive review of AFM-based force spectroscopy. Int. J. Biol. Macromol. 2023, 238, 124089. [CrossRef]
[PubMed]

Ando, T,; Fukuda, S.; Ngo, K.X.; Flechsig, H. High-Speed Atomic Force Microscopy for Filming Protein Molecules in Dynamic
Action. Annu. Rev. Biophys. 2024, 53, 19-39. [CrossRef] [PubMed]

Sajidah, E.S.; Lim, K.; Hazawa, M.; Wong, R.W. Nanoimaging of SARS-CoV-2 viral invasion toward the nucleus and genome. Cell
Rep. Phys. Sci. 2024, 5, 102111. [CrossRef]

Nishide, G.; Lim, K.; Mohamed, M.S.; Kobayashi, A.; Hazawa, M.; Watanabe-Nakayama, T.; Kodera, N.; Ando, T.; Wong,
R.W. High-Speed Atomic Force Microscopy Reveals Spatiotemporal Dynamics of Histone Protein H2A Involution by DNA
Inchworming. J. Phys. Chem. Lett. 2021, 12, 3837-3846. [CrossRef] [PubMed]

Lim, K.; Kodera, N.; Wang, H.; Mohamed, M.S.; Hazawa, M.; Kobayashi, A.; Yoshida, T.; Hanayama, R.; Yano, S.; Ando, T.; et al.
High-Speed AFM Reveals Molecular Dynamics of Human Influenza A Hemagglutinin and Its Interaction with Exosomes. Nano
Lett. 2020, 20, 6320-6328. [CrossRef]

Lim, K.S.; Mohamed, M.S.; Wang, H.; Hartono; Hazawa, M.; Kobayashi, A.; Voon, D.C.; Kodera, N.; Ando, T.; Wong, RW.
Direct visualization of avian influenza H5N1 hemagglutinin precursor and its conformational change by high-speed atomic force
microscopy. Biochim. Biophys. Acta General. Subj. 2020, 1864, 129313. [CrossRef] [PubMed]

Lim, K,; Nishide, G.; Sajidah, E.S.; Yamano, T.; Qiu, Y.; Yoshida, T.; Kobayashi, A.; Hazawa, M.; Ando, T.; Hanayama, R.; et al.
Nanoscopic Assessment of Anti-SARS-CoV-2 Spike Neutralizing Antibody Using High-Speed AFM. Nano Lett. 2023, 23, 619-628.
[CrossRef] [PubMed]

Lim, K.; Nishide, G.; Yoshida, T.; Watanabe-Nakayama, T.; Kobayashi, A.; Hazawa, M.; Hanayama, R.; Ando, T.; Wong, R.W.
Millisecond dynamic of SARS-CoV-2 spike and its interaction with ACE2 receptor and small extracellular vesicles. ]. Extracell.
Vesicles 2021, 10, €12170. [CrossRef] [PubMed]

Sajidah, E.S.; Lim, K.; Yamano, T.; Nishide, G.; Qiu, Y.; Yoshida, T.; Wang, H.; Kobayashi, A.; Hazawa, M.; Dewi, ER.P; et al.
Spatiotemporal tracking of small extracellular vesicle nanotopology in response to physicochemical stresses revealed by HS-AFM.
J. Extracell. Vesicles 2022, 11, €12275. [CrossRef]

Qiu, Y; Sajidah, E.S.; Kondo, S.; Narimatsu, S.; Sandira, M.I.; Higashiguchi, Y.; Nishide, G.; Taoka, A.; Hazawa, M.; Inaba, Y.; et al.
An Efficient Method for Isolating and Purifying Nuclei from Mice Brain for Single-Molecule Imaging Using High-Speed Atomic
Force Microscopy. Cells 2024, 13, 279. [CrossRef]


https://doi.org/10.1111/j.1600-0854.2005.00287.x
https://www.ncbi.nlm.nih.gov/pubmed/15813752
https://doi.org/10.1021/acsnano.7b00906
https://doi.org/10.1083/jcb.202306094
https://doi.org/10.1016/j.cell.2024.07.020
https://doi.org/10.1083/jcb.93.1.63
https://www.ncbi.nlm.nih.gov/pubmed/7068761
https://doi.org/10.1016/j.cbpa.2019.05.010
https://doi.org/10.1016/j.biomaterials.2020.120198
https://www.ncbi.nlm.nih.gov/pubmed/32622019
https://doi.org/10.3389/fcell.2023.1245939
https://www.ncbi.nlm.nih.gov/pubmed/37876551
https://doi.org/10.3390/ijms25179387
https://www.ncbi.nlm.nih.gov/pubmed/39273335
https://doi.org/10.1242/jcs.060111
https://doi.org/10.3390/cells11091456
https://www.ncbi.nlm.nih.gov/pubmed/35563762
https://doi.org/10.1016/j.sbi.2009.02.009
https://www.ncbi.nlm.nih.gov/pubmed/19327984
https://doi.org/10.1016/j.sbi.2011.07.004
https://doi.org/10.1016/j.ijbiomac.2023.124089
https://www.ncbi.nlm.nih.gov/pubmed/36948336
https://doi.org/10.1146/annurev-biophys-030722-113353
https://www.ncbi.nlm.nih.gov/pubmed/38060998
https://doi.org/10.1016/j.xcrp.2024.102111
https://doi.org/10.1021/acs.jpclett.1c00697
https://www.ncbi.nlm.nih.gov/pubmed/33852305
https://doi.org/10.1021/acs.nanolett.0c01755
https://doi.org/10.1016/j.bbagen.2019.02.015
https://www.ncbi.nlm.nih.gov/pubmed/30825615
https://doi.org/10.1021/acs.nanolett.2c04270
https://www.ncbi.nlm.nih.gov/pubmed/36641798
https://doi.org/10.1002/jev2.12170
https://www.ncbi.nlm.nih.gov/pubmed/34874124
https://doi.org/10.1002/jev2.12275
https://doi.org/10.3390/cells13030279

Viruses 2025, 17,151 26 of 38

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Vial, A.; Costa, L.; Dosset, P.; Rosso, P.; Boutieres, G.; Faklaris, O.; Haschke, H.; Milhiet, P.E.; Doucet, C.M. Structure and mechanics
of the human nuclear pore complex basket using correlative AFM-fluorescence superresolution microscopy. Nanoscale 2023, 15,
5756-5770. [CrossRef] [PubMed]

Gorlich, D.; Kutay, U. Transport between the cell nucleus and the cytoplasm. Annu. Rev. Cell Dev. Biol. 1999, 15, 607-660.
[CrossRef] [PubMed]

Moore, M.S. Ran and nuclear transport. J. Biol. Chem. 1998, 273, 22857-22860. [CrossRef] [PubMed]

Chuderland, D.; Konson, A.; Seger, R. Identification and characterization of a general nuclear translocation signal in signaling
proteins. Mol. Cell 2008, 31, 850-861. [CrossRef] [PubMed]

Yang, Y.; Guo, L.; Chen, L.; Gong, B.; Jia, D.; Sun, Q. Nuclear transport proteins: Structure, function, and disease relevance. Signal
Transduct. Target. Ther. 2023, 8, 425. [CrossRef]

Mishra, A.; Van der Giessen, E.; Onck, P.R. Charge of karyopherins and nuclear FG-Nups are key ingredients of nucleocytoplasmic
transport. Biophys. J. 2024. online ahead of print. [CrossRef] [PubMed]

Hartono; Hazawa, M.; Lim, K.S.; Dewi, ER.P,; Kobayashi, A.; Wong, R.W. Nucleoporin Nup58 localizes to centrosomes and
mid-bodies during mitosis. Cell Div. 2019, 14, 7. [CrossRef]

Hashizume, C.; Kobayashi, A.; Wong, R.W. Down-modulation of nucleoporin RanBP2/Nup358 impaired chromosomal alignment
and induced mitotic catastrophe. Cell Death Dis. 2013, 4, e854. [CrossRef]

Hashizume, C.; Moyori, A.; Kobayashi, A.; Yamakoshi, N.; Endo, A.; Wong, R.W. Nucleoporin Nup62 maintains centrosome
homeostasis. Cell Cycle 2013, 12, 3804-3816. [CrossRef] [PubMed]

Hashizume, C.; Nakano, H.; Yoshida, K.; Wong, R.W. Characterization of the role of the tumor marker Nup88 in mitosis. Mol.
Cancer 2010, 9, 119. [CrossRef]

Kobayashi, A.; Hashizume, C.; Dowaki, T.; Wong, R.W. Therapeutic potential of mitotic interaction between the nucleoporin Tpr
and aurora kinase A. Cell Cycle 2015, 14, 1447-1458. [CrossRef] [PubMed]

Nakano, H.; Funasaka, T.; Hashizume, C.; Wong, R.W. Nucleoporin translocated promoter region (Tpr) associates with dynein
complex, preventing chromosome lagging formation during mitosis. J. Biol. Chem. 2010, 285, 10841-10849. [CrossRef] [PubMed]
Wong, R.W.; D’Angelo, M. Linking Nucleoporins, Mitosis, and Colon Cancer. Cell Chem. Biol. 2016, 23, 537-539. [CrossRef]
[PubMed]

Wong, R.W.; Blobel, G. Cohesin subunit SMC1 associates with mitotic microtubules at the spindle pole. Proc. Natl. Acad. Sci. USA
2008, 105, 15441-15445. [CrossRef]

Wong, RW.; Blobel, G.; Coutavas, E. Rael interaction with NuMA is required for bipolar spindle formation. Proc. Natl. Acad. Sci.
USA 2006, 103, 19783-19787. [CrossRef] [PubMed]

Dewi, ER.P; Jiapaer, S.; Kobayashi, A.; Hazawa, M.; Ikliptikawati, D.K.; Hartono; Sabit, H.; Nakada, M.; Wong, R.W. Nucleoporin
TPR (translocated promoter region, nuclear basket protein) upregulation alters MTOR-HSF1 trails and suppresses autophagy
induction in ependymoma. Autophagy 2021, 17, 1001-1012. [CrossRef]

Hazawa, M.; Yoshino, H.; Nakagawa, Y.; Shimizume, R.; Nitta, K.; Sato, Y.; Sato, M.; Wong, R.W.; Kashiwakura, I. Karyopherin-
1 Regulates Radioresistance and Radiation-Increased Programmed Death-Ligand 1 Expression in Human Head and Neck
Squamous Cell Carcinoma Cell Lines. Cancers 2020, 12, 908. [CrossRef] [PubMed]

Ikliptikawati, D.K.; Hirai, N.; Makiyama, K.; Sabit, H.; Kinoshita, M.; Matsumoto, K.; Lim, K.; Meguro-Horike, M.; Horike, S.I;
Hazawa, M.; et al. Nuclear transport surveillance of p53 by nuclear pores in glioblastoma. Cell Rep. 2023, 42, 112882. [CrossRef]
Blobel, G. Gene gating: A hypothesis. Proc. Natl. Acad. Sci. USA 1985, 82, 8527-8529. [CrossRef] [PubMed]

Kondo, H.; Mishiro, K.; Iwashima, Y.; Qiu, Y.; Kobayashi, A.; Lim, K.; Domoto, T.; Minamoto, T.; Ogawa, K.; Kunishima, M.;
et al. Discovery of a Novel Aminocyclopropenone Compound That Inhibits BRD4-Driven Nucleoporin NUP210 Expression and
Attenuates Colorectal Cancer Growth. Cells 2022, 11, 317. [CrossRef] [PubMed]

Czapiewski, R.; Schirmer, E.C. Enhancers on the edge—How the nuclear envelope controls gene regulatory elements. Curr. Opin.
Genet. Dev. 2024, 87,102234. [CrossRef] [PubMed]

Chou, C.C.; Zhang, Y.; Umoh, M.E.; Vaughan, S.W.; Lorenzini, I; Liu, F,; Sayegh, M.; Donlin-Asp, P.G.; Chen, Y.H.; Duong, D.M,;
et al. TDP-43 pathology disrupts nuclear pore complexes and nucleocytoplasmic transport in ALS/FTD. Nat. Neurosci. 2018, 21,
228-239. [CrossRef] [PubMed]

Funasaka, T.; Balan, V.; Raz, A.; Wong, R.W. Nucleoporin Nup98 mediates galectin-3 nuclear-cytoplasmic trafficking. Biochem.
Biophys. Res. Commun. 2013, 434, 155-161. [CrossRef] [PubMed]

Funasaka, T.; Nakano, H.; Wu, Y.; Hashizume, C.; Gu, L.; Nakamura, T.; Wang, W.; Zhou, P.; Moore, M.A.; Sato, H.; et al. RNA
export factor RAE1 contributes to NUP98-HOXA9-mediated leukemogenesis. Cell Cycle 2011, 10, 1456-1467. [CrossRef] [PubMed]
Hazawa, M,; Lin, D.C.; Kobayashi, A,; Jiang, Y.Y.; Xu, L.; Dewi, ER.P.; Mohamed, M.S.; Hartono; Nakada, M.; Meguro-Horike, M.;
et al. ROCK-dependent phosphorylation of NUP62 regulates p63 nuclear transport and squamous cell carcinoma proliferation.
EMBO Rep. 2018, 19, 73-88. [CrossRef]


https://doi.org/10.1039/D2NR06034E
https://www.ncbi.nlm.nih.gov/pubmed/36786384
https://doi.org/10.1146/annurev.cellbio.15.1.607
https://www.ncbi.nlm.nih.gov/pubmed/10611974
https://doi.org/10.1074/jbc.273.36.22857
https://www.ncbi.nlm.nih.gov/pubmed/9722501
https://doi.org/10.1016/j.molcel.2008.08.007
https://www.ncbi.nlm.nih.gov/pubmed/18760948
https://doi.org/10.1038/s41392-023-01649-4
https://doi.org/10.1016/j.bpj.2024.11.3313
https://www.ncbi.nlm.nih.gov/pubmed/39600095
https://doi.org/10.1186/s13008-019-0050-z
https://doi.org/10.1038/cddis.2013.370
https://doi.org/10.4161/cc.26671
https://www.ncbi.nlm.nih.gov/pubmed/24107630
https://doi.org/10.1186/1476-4598-9-119
https://doi.org/10.1080/15384101.2015.1021518
https://www.ncbi.nlm.nih.gov/pubmed/25789545
https://doi.org/10.1074/jbc.M110.105890
https://www.ncbi.nlm.nih.gov/pubmed/20133940
https://doi.org/10.1016/j.chembiol.2016.05.004
https://www.ncbi.nlm.nih.gov/pubmed/27203373
https://doi.org/10.1073/pnas.0807660105
https://doi.org/10.1073/pnas.0609582104
https://www.ncbi.nlm.nih.gov/pubmed/17172455
https://doi.org/10.1080/15548627.2020.1741318
https://doi.org/10.3390/cancers12040908
https://www.ncbi.nlm.nih.gov/pubmed/32276424
https://doi.org/10.1016/j.celrep.2023.112882
https://doi.org/10.1073/pnas.82.24.8527
https://www.ncbi.nlm.nih.gov/pubmed/3866238
https://doi.org/10.3390/cells11030317
https://www.ncbi.nlm.nih.gov/pubmed/35159127
https://doi.org/10.1016/j.gde.2024.102234
https://www.ncbi.nlm.nih.gov/pubmed/39047586
https://doi.org/10.1038/s41593-017-0047-3
https://www.ncbi.nlm.nih.gov/pubmed/29311743
https://doi.org/10.1016/j.bbrc.2013.03.052
https://www.ncbi.nlm.nih.gov/pubmed/23541576
https://doi.org/10.4161/cc.10.9.15494
https://www.ncbi.nlm.nih.gov/pubmed/21467841
https://doi.org/10.15252/embr.201744523

Viruses 2025, 17,151 27 of 38

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Gibieza, P; Petrikaité, V. The Complex Regulation of Cytokinesis upon Abscission Checkpoint Activation. Mol. Cancer Res. 2024,
22,909-919. [CrossRef] [PubMed]

Goswami, R.; Gupta, A.; Bednova, O.; Coulombe, G.; Patel, D.; Rotello, V.M.; Leyton, J.V. Nuclear localization signal-tagged
systems: Relevant nuclear import principles in the context of current therapeutic design. Chem. Soc. Rev. 2024, 53, 204-226.
[CrossRef] [PubMed]

Jahangiri, L. A mechanistic insight into cancer progression mediated by Nucleoporins. Cancer Genet. 2024, 286-287, 35-42.
[CrossRef] [PubMed]

Li, Y.; Zhu, J.; Zhai, E; Kong, L.; Li, H,; Jin, X. Advances in the understanding of nuclear pore complexes in human diseases. J.
Cancer Res. Clin. Oncol. 2024, 150, 374. [CrossRef]

Lima, ].T.; Ferreira, ].G. Mechanobiology of the nucleus during the G2-M transition. Nucleus 2024, 15, 2330947. [CrossRef]

Lin, J.; Sumara, I. Cytoplasmic nucleoporin assemblage: The cellular artwork in physiology and disease. Nucleus 2024, 15, 2387534.
[CrossRef] [PubMed]

Simon, M.N.; Dubrana, K.; Palancade, B. On the edge: How nuclear pore complexes rule genome stability. Curr. Opin. Genet. Dev.
2024, 84, 102150. [CrossRef]

Walsh, M.E; King, G.A; Unal, E. Not just binary: Embracing the complexity of nuclear division dynamics. Nucleus 2024, 15,
2360601. [CrossRef]

Zaitsava, H.; Gachowska, M.; Bartoszewska, E.; Kmiecik, A.; Kulbacka, J. The Potential of Nuclear Pore Complexes in Cancer
Therapy. Molecules 2024, 29, 4832. [CrossRef]

Bleibtreu, A.; Bertine, M.; Bertin, C.; Houhou-Fidouh, N.; Visseaux, B. Focus on Middle East respiratory syndrome coronavirus
(MERS-CoV). Med. Mal. Infect. 2020, 50, 243-251. [CrossRef]

Zhu, N.; Zhang, D.; Wang, W.; Li, X;; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from
Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727-733. [CrossRef] [PubMed]

Snijder, E.J.; Limpens, R.; de Wilde, A.H.; de Jong, A.W.M.; Zevenhoven-Dobbe, ].C.; Maier, H.].; Faas, F,; Koster, A.].; Barcena, M.
A unifying structural and functional model of the coronavirus replication organelle: Tracking down RNA synthesis. PLoS Biol.
2020, 18, €3000715. [CrossRef] [PubMed]

Wolff, G.; Limpens, R.; Zevenhoven-Dobbe, ].C.; Laugks, U.; Zheng, S.; de Jong, A W.M.; Koning, R.I; Agard, D.A.; Griinewald,
K.; Koster, A.].; et al. A molecular pore spans the double membrane of the coronavirus replication organelle. Science 2020, 369,
1395-1398. [CrossRef]

Huang, Y.; Wang, T.; Zhong, L.; Zhang, W.; Zhang, Y.; Yu, X.; Yuan, S.; Ni, T. Molecular architecture of coronavirus double-
membrane vesicle pore complex. Nature 2024, 633, 224-231. [CrossRef] [PubMed]

Makiyama, K.; Hazawa, M.; Kobayashi, A.; Lim, K.; Voon, D.C.; Wong, R.W. NSP9 of SARS-CoV-2 attenuates nuclear transport by
hampering nucleoporin 62 dynamics and functions in host cells. Biochem. Biophys. Res. Commun. 2022, 586, 137-142. [CrossRef]
Minkoff, ] M.; tenOever, B. Innate immune evasion strategies of SARS-CoV-2. Nat. Rev. Microbiol. 2023, 21, 178-194. [CrossRef]
Gordon, D.E.; Jang, G.M.; Bouhaddou, M.; Xu, J.; Obernier, K.; White, K.M.; O'Meara, M.].; Rezelj, V.V.; Guo, J.Z.; Swaney,
D.L,; et al. A SARS-CoV-2 protein interaction map reveals targets for drug repurposing. Nature 2020, 583, 459-468. [CrossRef]
[PubMed]

Miorin, L.; Kehrer, T.; Sanchez-Aparicio, M.T.; Zhang, K.; Cohen, P; Patel, R.S.; Cupic, A.; Makio, T.; Mei, M.; Moreno, E.; et al.
SARS-CoV-2 Orf6 hijacks Nup98 to block STAT nuclear import and antagonize interferon signaling. Proc. Natl. Acad. Sci. USA
2020, 117, 28344-28354. [CrossRef] [PubMed]

Kato, K.; Ikliptikawati, D.K.; Kobayashi, A.; Kondo, H.; Lim, K.; Hazawa, M.; Wong, R.W. Overexpression of SARS-CoV-2 protein
ORF6 dislocates RAE1 and NUP98 from the nuclear pore complex. Biochem. Biophys. Res. Commun. 2021, 536, 59-66. [CrossRef]
Addetia, A.; Lieberman, N.A.P.; Phung, Q.; Hsiang, T.Y.; Xie, H.; Roychoudhury, P.; Shrestha, L.; Loprieno, M.A.; Huang, M.L.;
Gale, M, Jr,; et al. SARS-CoV-2 ORF6 Disrupts Bidirectional Nucleocytoplasmic Transport through Interactions with Rael and
Nup98. mBio 2021, 12, 2. [CrossRef] [PubMed]

Xia, H; Cao, Z.; Xie, X.; Zhang, X.; Chen, ].Y.; Wang, H.; Menachery, V.D.; Rajsbaum, R.; Shi, P.Y. Evasion of Type I Interferon by
SARS-CoV-2. Cell Rep. 2020, 33, 108234. [CrossRef] [PubMed]

Yoo, T.Y.; Mitchison, T.J. Quantitative comparison of nuclear transport inhibition by SARS coronavirus ORF6 reveals the
importance of oligomerization. Proc. Natl. Acad. Sci. USA 2024, 121, €2307997121. [CrossRef]

Nishide, G.; Lim, K.; Tamura, M.; Kobayashi, A.; Zhao, Q.; Hazawa, M.; Ando, T.; Nishida, N.; Wong, R.W. Nanoscopic Elucidation
of Spontaneous Self-Assembly of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Open Reading Frame 6
(ORF6) Protein. J. Phys. Chem. Lett. 2023, 14, 8385-8396. [CrossRef] [PubMed]

Makio, T.; Zhang, K.; Love, N.; Mast, FD.; Liu, X,; Elaish, M.; Hobman, T.; Aitchison, J.D.; Fontoura, B.M.A.; Wozniak, R.W.
SARS-CoV-2 Orf6 is positioned in the nuclear pore complex by Rael to inhibit nucleocytoplasmic transport. Mol. Biol. Cell 2024,
35, ar62. [CrossRef] [PubMed]


https://doi.org/10.1158/1541-7786.MCR-24-0365
https://www.ncbi.nlm.nih.gov/pubmed/39133919
https://doi.org/10.1039/D1CS00269D
https://www.ncbi.nlm.nih.gov/pubmed/38031452
https://doi.org/10.1016/j.cancergen.2024.07.001
https://www.ncbi.nlm.nih.gov/pubmed/39024725
https://doi.org/10.1007/s00432-024-05881-5
https://doi.org/10.1080/19491034.2024.2330947
https://doi.org/10.1080/19491034.2024.2387534
https://www.ncbi.nlm.nih.gov/pubmed/39135336
https://doi.org/10.1016/j.gde.2023.102150
https://doi.org/10.1080/19491034.2024.2360601
https://doi.org/10.3390/molecules29204832
https://doi.org/10.1016/j.medmal.2019.10.004
https://doi.org/10.1056/NEJMoa2001017
https://www.ncbi.nlm.nih.gov/pubmed/31978945
https://doi.org/10.1371/journal.pbio.3000715
https://www.ncbi.nlm.nih.gov/pubmed/32511245
https://doi.org/10.1126/science.abd3629
https://doi.org/10.1038/s41586-024-07817-y
https://www.ncbi.nlm.nih.gov/pubmed/39143215
https://doi.org/10.1016/j.bbrc.2021.11.046
https://doi.org/10.1038/s41579-022-00839-1
https://doi.org/10.1038/s41586-020-2286-9
https://www.ncbi.nlm.nih.gov/pubmed/32353859
https://doi.org/10.1073/pnas.2016650117
https://www.ncbi.nlm.nih.gov/pubmed/33097660
https://doi.org/10.1016/j.bbrc.2020.11.115
https://doi.org/10.1128/mBio.00065-21
https://www.ncbi.nlm.nih.gov/pubmed/33849972
https://doi.org/10.1016/j.celrep.2020.108234
https://www.ncbi.nlm.nih.gov/pubmed/32979938
https://doi.org/10.1073/pnas.2307997121
https://doi.org/10.1021/acs.jpclett.3c01440
https://www.ncbi.nlm.nih.gov/pubmed/37707320
https://doi.org/10.1091/mbc.E23-10-0386
https://www.ncbi.nlm.nih.gov/pubmed/38507240

Viruses 2025, 17,151 28 of 38

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Izaurralde, E.; Jarmolowski, A.; Beisel, C.; Mattaj, LW.; Dreyfuss, G.; Fischer, U. A role for the M9 transport signal of hnRNP Al in
mRNA nuclear export. J. Cell Biol. 1997, 137, 27-35. [CrossRef]

Roy, R; Durie, D.; Li, H; Liu, B.Q.; Skehel, ].M.; Mauri, F; Cuorvo, L.V.; Barbareschi, M.; Guo, L.; Holcik, M.; et al. hnRNPA1
couples nuclear export and translation of specific nRNAs downstream of FGF-2/S6K2 signalling. Nucleic Acids Res. 2014, 42,
12483-12497. [CrossRef]

Zhang, K.; Miorin, L.; Makio, T.; Dehghan, I.; Gao, S.; Xie, Y.; Zhong, H.; Esparza, M.; Kehrer, T.; Kumar, A.; et al. Nsp1 protein of
SARS-CoV-2 disrupts the mRNA export machinery to inhibit host gene expression. Sci. Adv. 2021, 7, eabe7386. [CrossRef]

Mei, M.; Cupic, A.; Miorin, L.; Ye, C.; Cagatay, T.; Zhang, K.; Patel, K.; Wilson, N.; McDonald, W.H.; Crossland, N.A_; et al.
Inhibition of mRNA nuclear export promotes SARS-CoV-2 pathogenesis. Proc. Natl. Acad. Sci. USA 2024, 121, €2314166121.
[CrossRef] [PubMed]

Gomez, G.N.; Abrar, F; Dodhia, M.P.; Gonzalez, F.G.; Nag, A. SARS coronavirus protein nsp1 disrupts localization of Nup93 from
the nuclear pore complex. Biochem. Cell Biol. Biochim. Biol. Cell 2019, 97, 758-766. [CrossRef]

Katahira, J.; Ohmae, T.; Yasugi, M.; Sasaki, R.; Itoh, Y.; Kohda, T.; Hieda, M.; Yokota Hirai, M.; Okamoto, T.; Miyamoto, Y. Nsp14
of SARS-CoV-2 inhibits mRNA processing and nuclear export by targeting the nuclear cap-binding complex. Nucleic Acids Res.
2023, 51, 7602-7618. [CrossRef]

Sharma, K.; Akerstrém, S.; Sharma, A.K.; Chow, V.T.; Teow, S.; Abrenica, B.; Booth, S.A.; Booth, T.F.; Mirazimi, A.; Lal, S.K.
SARS-CoV 9b protein diffuses into nucleus, undergoes active Crm1 mediated nucleocytoplasmic export and triggers apoptosis
when retained in the nucleus. PLoS ONE 2011, 6, €19436. [CrossRef] [PubMed]

Yang, Y.; Ye, E; Zhu, N.; Wang, W.; Deng, Y.; Zhao, Z.; Tan, W. Middle East respiratory syndrome coronavirus ORF4b protein
inhibits type I interferon production through both cytoplasmic and nuclear targets. Sci. Rep. 2015, 5, 17554. [CrossRef] [PubMed]
Canton, J.; Fehr, A.R.; Fernandez-Delgado, R.; Gutierrez-Alvarez, FJ.; Sanchez-Aparicio, M.T.; Garcia-Sastre, A.; Perlman, S.;
Enjuanes, L.; Sola, I. MERS-CoV 4b protein interferes with the NF-kB-dependent innate immune response during infection. PLoS
Pathog. 2018, 14, €1006838. [CrossRef] [PubMed]

McCollum, A.M.; Damon, I.K. Human monkeypox. Clin. Infect. Dis. 2014, 58, 260-267. [CrossRef]

Moss, B. Understanding the biology of monkeypox virus to prevent future outbreaks. Nat. Microbiol. 2024, 9, 1408-1416.
[CrossRef]

McFadden, G. Poxvirus tropism. Nat. Rev. Microbiol. 2005, 3, 201-213. [CrossRef] [PubMed]

Peng, Q.; Xie, Y; Kuai, L.; Wang, H.; Qi, ].; Gao, G.F,; Shi, Y. Structure of monkeypox virus DNA polymerase holoenzyme. Science
2023, 379, 100-105. [CrossRef]

Wang, Y.; Li, Y;; Li, M.; Wang, K.; Xiong, J.; Wang, T.; Wang, Y.; Guo, Y,; Kong, L.; Li, M. A Combined Transcriptomic and
Proteomic Analysis of Monkeypox Virus A23 Protein on HEK293T Cells. Int. |. Mol. Sci. 2024, 25, 8678. [CrossRef]

Jiao, P; Ma, ].; Zhao, Y.; Jia, X.; Zhang, H.; Fan, W.; Jia, X.; Bai, X.; Zhao, Y.; Lu, Y.; et al. The nuclear localization signal of
monkeypox virus protein P2 orthologue is critical for inhibition of IRF3-mediated innate immunity. Emerg. Microbes Infect. 2024,
13, 2372344. [CrossRef] [PubMed]

Zhu, J.; Gao, X,; Li, Y;; Zhang, Z.; Xie, S.; Ren, S.; Li, Y.; Li, H.; Niu, K.; Fu, S.; et al. Human FAM111A inhibits vaccinia virus
replication by degrading viral protein I3 and is antagonized by poxvirus host range factor SPI-1. Proc. Natl. Acad. Sci. USA 2023,
120, €2304242120. [CrossRef] [PubMed]

Hawman, D.W.; Stoermer, K.A.; Montgomery, S.A.; Pal, P; Oko, L.; Diamond, M.S.; Morrison, T.E. Chronic joint disease caused by
persistent Chikungunya virus infection is controlled by the adaptive immune response. J. Virol. 2013, 87, 13878-13888. [CrossRef]
Thomas, S.; Rai, J.; John, L.; Schaefer, S.; Piitzer, B.M.; Herchenréder, O. Chikungunya virus capsid protein contains nuclear
import and export signals. Virol. ]. 2013, 10, 269. [CrossRef]

Jacobs, S.C.; Taylor, A.; Herrero, L.J.; Mahalingam, S.; Fazakerley, ]. K. Mutation of a Conserved Nuclear Export Sequence in
Chikungunya Virus Capsid Protein Disrupts Host Cell Nuclear Import. Viruses 2017, 9, 306. [CrossRef] [PubMed]

Webb, L.G.; Veloz, ].; Pintado-Silva, J.; Zhu, T.; Rangel, M.V.; Mutetwa, T.; Zhang, L.; Bernal-Rubio, D.; Figueroa, D.; Carrau, L.;
et al. Chikungunya virus antagonizes cGAS-STING mediated type-I interferon responses by degrading cGAS. PLoS Pathog. 2020,
16, €1008999. [CrossRef]

Goertz, G.P,; McNally, K.L.; Robertson, S.].; Best, S.M.; Pijlman, G.P; Fros, ].]. The Methyltransferase-Like Domain of Chikungunya
Virus nsP2 Inhibits the Interferon Response by Promoting the Nuclear Export of STAT1. ]. Virol. 2018, 92, e01008-18. [CrossRef]
[PubMed]

Fros, J.J.; Liu, W.J.; Prow, N.A_; Geertsema, C.; Ligtenberg, M.; Vanlandingham, D.L.; Schnettler, E.; Vlak, ].M.; Suhrbier, A;
Khromykh, A.A ; et al. Chikungunya virus nonstructural protein 2 inhibits type I/II interferon-stimulated JAK-STAT signaling. J.
Virol. 2010, 84, 10877-10887. [CrossRef] [PubMed]

Fros, ].J.; van der Maten, E.; Vlak, ] M.; Pijlman, G.P. The C-terminal domain of chikungunya virus nsP2 independently governs
viral RNA replication, cytopathicity, and inhibition of interferon signaling. J. Virol. 2013, 87, 10394-10400. [CrossRef] [PubMed]


https://doi.org/10.1083/jcb.137.1.27
https://doi.org/10.1093/nar/gku953
https://doi.org/10.1126/sciadv.abe7386
https://doi.org/10.1073/pnas.2314166121
https://www.ncbi.nlm.nih.gov/pubmed/38768348
https://doi.org/10.1139/bcb-2018-0394
https://doi.org/10.1093/nar/gkad483
https://doi.org/10.1371/journal.pone.0019436
https://www.ncbi.nlm.nih.gov/pubmed/21637748
https://doi.org/10.1038/srep17554
https://www.ncbi.nlm.nih.gov/pubmed/26631542
https://doi.org/10.1371/journal.ppat.1006838
https://www.ncbi.nlm.nih.gov/pubmed/29370303
https://doi.org/10.1093/cid/cit703
https://doi.org/10.1038/s41564-024-01690-1
https://doi.org/10.1038/nrmicro1099
https://www.ncbi.nlm.nih.gov/pubmed/15738948
https://doi.org/10.1126/science.ade6360
https://doi.org/10.3390/ijms25168678
https://doi.org/10.1080/22221751.2024.2372344
https://www.ncbi.nlm.nih.gov/pubmed/38916407
https://doi.org/10.1073/pnas.2304242120
https://www.ncbi.nlm.nih.gov/pubmed/37607234
https://doi.org/10.1128/JVI.02666-13
https://doi.org/10.1186/1743-422X-10-269
https://doi.org/10.3390/v9100306
https://www.ncbi.nlm.nih.gov/pubmed/29053568
https://doi.org/10.1371/journal.ppat.1008999
https://doi.org/10.1128/JVI.01008-18
https://www.ncbi.nlm.nih.gov/pubmed/29925658
https://doi.org/10.1128/JVI.00949-10
https://www.ncbi.nlm.nih.gov/pubmed/20686047
https://doi.org/10.1128/JVI.00884-13
https://www.ncbi.nlm.nih.gov/pubmed/23864632

Viruses 2025, 17,151 29 of 38

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

Fros, ].J.; Major, L.D.; Scholte, EE.M.; Gardner, J.; van Hemert, M.].; Suhrbier, A.; Pijlman, G.P. Chikungunya virus non-structural
protein 2-mediated host shut-off disables the unfolded protein response. J. Gen. Virol. 2015, 96, 580-589. [CrossRef]

Welsch, S.; Miller, S.; Romero-Brey, I.; Merz, A.; Bleck, C.K.; Walther, P,; Fuller, S.D.; Antony, C.; Krijnse-Locker, J.; Bartenschlager,
R. Composition and three-dimensional architecture of the dengue virus replication and assembly sites. Cell Host Microbe 2009, 5,
365-375. [CrossRef]

Yu, L.; Takeda, K.; Markoff, L. Protein-protein interactions among West Nile non-structural proteins and transmembrane complex
formation in mammalian cells. Virology 2013, 446, 365-377. [CrossRef] [PubMed]

Ashour, J.; Laurent-Rolle, M.; Shi, P.Y.; Garcia-Sastre, A. NS5 of dengue virus mediates STAT2 binding and degradation. J. Virol.
2009, 83, 5408-5418. [CrossRef] [PubMed]

Brooks, A.J.; Johansson, M.; John, A.V; Xu, Y,; Jans, D.A.; Vasudevan, S.G. The interdomain region of dengue NS5 protein that
binds to the viral helicase NS3 contains independently functional importin beta 1 and importin alpha/beta-recognized nuclear
localization signals. J. Biol. Chem. 2002, 277, 36399-36407. [CrossRef]

Pryor, M.].; Rawlinson, S.M.; Butcher, R.E.; Barton, C.L.; Waterhouse, T.A.; Vasudevan, S.G.; Bardin, P.G.; Wright, PJ.; Jans, D.A;
Davidson, A.D. Nuclear localization of dengue virus nonstructural protein 5 through its importin alpha/beta-recognized nuclear
localization sequences is integral to viral infection. Traffic 2007, 8, 795-807. [CrossRef]

Potisopon, S.; Priet, S.; Collet, A.; Decroly, E.; Canard, B.; Selisko, B. The methyltransferase domain of dengue virus protein NS5
ensures efficient RNA synthesis initiation and elongation by the polymerase domain. Nucleic Acids Res. 2014, 42, 11642-11656.
[CrossRef] [PubMed]

Hannemann, H.; Sung, PY.; Chiu, H.C.; Yousuf, A.; Bird, ].; Lim, S.P,; Davidson, A.D. Serotype-specific differences in dengue
virus non-structural protein 5 nuclear localization. J. Biol. Chem. 2013, 288, 22621-22635. [CrossRef]

Tay, M.Y,; Smith, K.; Ng, LH.; Chan, KW.; Zhao, Y.; Ooi, E.E.; Lescar, J.; Luo, D.; Jans, D.A.; Forwood, ].K,; et al. The C-terminal 18
Amino Acid Region of Dengue Virus NS5 Regulates its Subcellular Localization and Contains a Conserved Arginine Residue
Essential for Infectious Virus Production. PLoS Pathog. 2016, 12, e1005886. [CrossRef]

Rawlinson, S.M.; Pryor, M.].; Wright, PJ.; Jans, D.A. CRM1-mediated nuclear export of dengue virus RNA polymerase NS5
modulates interleukin-8 induction and virus production. J. Biol. Chem. 2009, 284, 15589-15597. [CrossRef]

De Jestis-Gonzalez, L.A.; Cervantes-Salazar, M.; Reyes-Ruiz, ].M.; Osuna-Ramos, J.F,; Farfan-Morales, C.N.; Palacios-Rapalo, S.N.;
Pérez-Olais, ].H.; Cordero-Rivera, C.D.; Hurtado-Monzén, A.M.; Ruiz-Jiménez, F; et al. The Nuclear Pore Complex: A Target for
NS3 Protease of Dengue and Zika Viruses. Viruses 2020, 12, 583. [CrossRef]

Palacios-Répalo, S.N.; De Jestis-Gonzélez, L.A.; Reyes-Ruiz, ].M.; Osuna-Ramos, J.F,; Farfan-Morales, C.N.; Gutiérrez-Escolano,
A.L.; Del Angel, R.M. Nuclear localization of non-structural protein 3 (NS3) during dengue virus infection. Arch. Virol. 2021, 166,
1439-1446. [CrossRef] [PubMed]

Gulland, A. Zika virus is a global public health emergency, declares WHO. BM] 2016, 352, i657. [CrossRef] [PubMed]

Kleber de Oliveira, W.; Cortez-Escalante, J.; De Oliveira, W.T.; do Carmo, G.M.; Henriques, C.M.; Coelho, G.E.; Aragjo de
Franga, G.V. Increase in Reported Prevalence of Microcephaly in Infants Born to Women Living in Areas with Confirmed Zika
Virus Transmission During the First Trimester of Pregnancy—Brazil, 2015. MMWR. Morb. Mortal. Wkly. Rep. 2016, 65, 242-247.
[CrossRef] [PubMed]

Yang, L.; Wang, R.; Yang, S.; Ma, Z.; Lin, S.; Nan, Y.; Li, Q.; Tang, Q.; Zhang, Y.J. Karyopherin Alpha 6 Is Required for Replication
of Porcine Reproductive and Respiratory Syndrome Virus and Zika Virus. J. Virol. 2018, 92, €00072-18. [CrossRef]

Ji, W.; Luo, G. Zika virus NS5 nuclear accumulation is protective of protein degradation and is required for viral RNA replication.
Virology 2020, 541, 124-135. [CrossRef]

Ng, LHW.,; Chan, KW.; Tan, M.].A.; Gwee, C.P; Smith, K.M.; Jeffress, S.J.; Saw, W.G.; Swarbrick, C.M.D.; Watanabe, S.; Jans, D.A;
et al. Zika Virus NS5 Forms Supramolecular Nuclear Bodies That Sequester Importin-« and Modulate the Host Immune and
Pro-Inflammatory Response in Neuronal Cells. ACS Infect. Dis. 2019, 5, 932-948. [CrossRef] [PubMed]

Ye, J.; Chen, Z,; Li, Y.; Zhao, Z.; He, W.; Zohaib, A.; Song, Y.; Deng, C.; Zhang, B.; Chen, H.; et al. Japanese Encephalitis Virus NS5
Inhibits Type I Interferon (IFN) Production by Blocking the Nuclear Translocation of IFN Regulatory Factor 3 and NF-«B. J. Virol.
2017, 91, e00039-17. [CrossRef] [PubMed]

Lin, S.; Yang, S.; He, J.; Guest, ].D.; Ma, Z.; Yang, L.; Pierce, B.G.; Tang, Q.; Zhang, Y.J. Zika virus NS5 protein antagonizes type I
interferon production via blocking TBK1 activation. Virology 2019, 527, 180-187. [CrossRef] [PubMed]

Reid, S.P; Valmas, C.; Martinez, O.; Sanchez, EM.; Basler, C.F. Ebola virus VP24 proteins inhibit the interaction of NPI-1 subfamily
karyopherin alpha proteins with activated STAT1. |. Virol. 2007, 81, 13469-13477. [CrossRef] [PubMed]

Reid, S.P; Leung, L.W,; Hartman, A.L.; Martinez, O.; Shaw, M.L.; Carbonnelle, C.; Volchkov, V.E.; Nichol, S.T.; Basler, C.F. Ebola
virus VP24 binds karyopherin alphal and blocks STAT1 nuclear accumulation. J. Virol. 2006, 80, 5156-5167. [CrossRef]

Xu, W.; Edwards, M.R.; Borek, D.M.; Feagins, A.R.; Mittal, A.; Alinger, ].B.; Berry, K.N.; Yen, B.; Hamilton, J.; Brett, T.].; et al.
Ebola virus VP24 targets a unique NLS binding site on karyopherin alpha 5 to selectively compete with nuclear import of
phosphorylated STAT1. Cell Host Microbe 2014, 16, 187-200. [CrossRef] [PubMed]


https://doi.org/10.1099/vir.0.071845-0
https://doi.org/10.1016/j.chom.2009.03.007
https://doi.org/10.1016/j.virol.2013.08.006
https://www.ncbi.nlm.nih.gov/pubmed/24074601
https://doi.org/10.1128/JVI.02188-08
https://www.ncbi.nlm.nih.gov/pubmed/19279106
https://doi.org/10.1074/jbc.M204977200
https://doi.org/10.1111/j.1600-0854.2007.00579.x
https://doi.org/10.1093/nar/gku666
https://www.ncbi.nlm.nih.gov/pubmed/25209234
https://doi.org/10.1074/jbc.M113.481382
https://doi.org/10.1371/journal.ppat.1005886
https://doi.org/10.1074/jbc.M808271200
https://doi.org/10.3390/v12060583
https://doi.org/10.1007/s00705-021-05026-w
https://www.ncbi.nlm.nih.gov/pubmed/33682072
https://doi.org/10.1136/bmj.i657
https://www.ncbi.nlm.nih.gov/pubmed/26839247
https://doi.org/10.15585/mmwr.mm6509e2
https://www.ncbi.nlm.nih.gov/pubmed/26963593
https://doi.org/10.1128/JVI.00072-18
https://doi.org/10.1016/j.virol.2019.10.010
https://doi.org/10.1021/acsinfecdis.8b00373
https://www.ncbi.nlm.nih.gov/pubmed/30848123
https://doi.org/10.1128/JVI.00039-17
https://www.ncbi.nlm.nih.gov/pubmed/28179530
https://doi.org/10.1016/j.virol.2018.11.009
https://www.ncbi.nlm.nih.gov/pubmed/30530224
https://doi.org/10.1128/JVI.01097-07
https://www.ncbi.nlm.nih.gov/pubmed/17928350
https://doi.org/10.1128/JVI.02349-05
https://doi.org/10.1016/j.chom.2014.07.008
https://www.ncbi.nlm.nih.gov/pubmed/25121748

Viruses 2025, 17,151 30 of 38

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

He, F.; Melén, K.; Maljanen, S.; Lundberg, R.; Jiang, M.; Osterlund, P; Kakkola, L.; Julkunen, I. Ebolavirus protein VP24 interferes
with innate immune responses by inhibiting interferon-A1 gene expression. Virology 2017, 509, 23-34. [CrossRef] [PubMed]
Zhang, A.P,; Bornholdt, Z.A.; Liu, T.; Abelson, D.M.; Lee, D.E.; Li, S.; Woods, V.L., Jr.; Saphire, E.O. The ebola virus interferon
antagonist VP24 directly binds STAT1 and has a novel, pyramidal fold. PLoS Pathog. 2012, 8, e1002550. [CrossRef] [PubMed]
Marg, A.; Shan, Y.; Meyer, T.; Meissner, T.; Brandenburg, M.; Vinkemeier, U. Nucleocytoplasmic shuttling by nucleoporins
Nup153 and Nup214 and CRM1-dependent nuclear export control the subcellular distribution of latent Stat1. J. Cell Biol. 2004,
165, 823-833. [CrossRef] [PubMed]

Chatterjee-Kishore, M.; Wright, K.L.; Ting, J.P,; Stark, G.R. How Statl mediates constitutive gene expression: A complex of
unphosphorylated Statl and IRF1 supports transcription of the LMP2 gene. EMBO J. 2000, 19, 4111-4122. [CrossRef]

Shabman, R.S.; Gulcicek, E.E.; Stone, K.L.; Basler, C.F. The Ebola virus VP24 protein prevents hnRNP C1/C2 binding to
karyopherin «1 and partially alters its nuclear import. J. Infect. Dis. 2011, 204 (Suppl. 3), S904-5910. [CrossRef] [PubMed]

Kim, J.H.; Paek, K.Y.; Choi, K.; Kim, T.D.; Hahm, B.; Kim, K.T.; Jang, S.K. Heterogeneous nuclear ribonucleoprotein C modulates
translation of c-myc mRNA in a cell cycle phase-dependent manner. Mol. Cell. Biol. 2003, 23, 708-720. [CrossRef] [PubMed]
Pfeifer, L; Elsby, R.; Fernandez, M.; Faria, P.A.; Nussenzveig, D.R.; Lossos, 1.S.; Fontoura, B.M.; Martin, W.D.; Barber, G.N. NFAR-1
and -2 modulate translation and are required for efficient host defense. Proc. Natl. Acad. Sci. USA 2008, 105, 4173-4178. [CrossRef]
[PubMed]

Brunner, J.E.; Nguyen, ].H.; Roehl, H.H.; Ho, T.V.; Swiderek, K.M.; Semler, B.L. Functional interaction of heterogeneous nuclear
ribonucleoprotein C with poliovirus RNA synthesis initiation complexes. J. Virol. 2005, 79, 3254-3266. [CrossRef]

Gontarek, R.R.; Gutshall, L.L.; Herold, K.M.; Tsai, J.; Sathe, G.M.; Mao, J.; Prescott, C.; Del Vecchio, A.M. hnRNP C and
polypyrimidine tract-binding protein specifically interact with the pyrimidine-rich region within the 3’'NTR of the HCV RNA
genome. Nucleic Acids Res. 1999, 27, 1457-1463. [CrossRef] [PubMed]

Sokolowski, M.; Schwartz, S. Heterogeneous nuclear ribonucleoprotein C binds exclusively to the functionally important
UUUUU-motifs in the human papillomavirus type-1 AU-rich inhibitory element. Virus Res. 2001, 73, 163-175. [CrossRef]
[PubMed]

Miyake, T.; Farley, C.M.; Neubauer, B.E.; Beddow, T.P.; Hoenen, T.; Engel, D.A. Ebola Virus Inclusion Body Formation and RNA
Synthesis Are Controlled by a Novel Domain of Nucleoprotein Interacting with VP35. J. Virol. 2020, 94, €02100-19. [CrossRef]
[PubMed]

Gabiriel, G.; Feldmann, E; Reimer, R.; Thiele, S.; Fischer, M.; Hartmann, E.; Bader, M.; Ebihara, H.; Hoenen, T.; Feldmann, H.
Importin-«7 Is Involved in the Formation of Ebola Virus Inclusion Bodies but Is Not Essential for Pathogenicity in Mice. J. Infect.
Dis. 2015, 212 (Suppl. 2), S316-S321. [CrossRef] [PubMed]

Wendt, L.; Brandt, J.; Bodmer, B.S.; Reiche, S.; Schmidt, M.L.; Traeger, S.; Hoenen, T. The Ebola Virus Nucleoprotein Recruits the
Nuclear RNA Export Factor NXF1 into Inclusion Bodies to Facilitate Viral Protein Expression. Cells 2020, 9, 187. [CrossRef]
Barré-Sinoussi, F.; Chermann, ].C.; Rey, F; Nugeyre, M.T.; Chamaret, S.; Gruest, J.; Dauguet, C.; Axler-Blin, C.; Vézinet-Brun, F;
Rouzioux, C.; et al. Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired immune deficiency syndrome
(AIDS). Science 1983, 220, 868-871. [CrossRef] [PubMed]

Guillaud, L.; Wong, R.; Hirokawa, N. Disruption of KIF17-Mint1 interaction by CaMKII-dependent phosphorylation: A molecular
model of kinesin-cargo release. Nat. Cell Biol. 2008, 10, 19-29. [CrossRef] [PubMed]

Wong, RW.; Setou, M,; Teng, J.; Takei, Y.; Hirokawa, N. Overexpression of motor protein KIF17 enhances spatial and working
memory in transgenic mice. Proc. Natl. Acad. Sci. USA 2002, 99, 14500-14505. [CrossRef] [PubMed]

Hirokawa, N. Microtubule organization and dynamics dependent on microtubule-associated proteins. Curr. Opin. Cell Biol. 1994,
6,74-81. [CrossRef]

Hirokawa, N. Kinesin and dynein superfamily proteins and the mechanism of organelle transport. Science 1998, 279, 519-526.
[CrossRef] [PubMed]

Engelman, A.N.; Singh, P.K. Cellular and molecular mechanisms of HIV-1 integration targeting. Cell Mol. Life Sci. 2018, 75,
2491-2507. [CrossRef] [PubMed]

Wong, R.W.; Mamede, ].I.; Hope, T.J. Impact of Nucleoporin-Mediated Chromatin Localization and Nuclear Architecture on HIV
Integration Site Selection. J. Virol. 2015, 89, 9702-9705. [CrossRef]

Popov, S.; Rexach, M.; Ratner, L.; Blobel, G.; Bukrinsky, M. Viral protein R regulates docking of the HIV-1 preintegration complex
to the nuclear pore complex. J. Biol. Chem. 1998, 273, 13347-13352. [CrossRef]

Arhel, N .J.; Souquere-Besse, S.; Munier, S.; Souque, P.; Guadagnini, S.; Rutherford, S.; Prévost, M.C.; Allen, T.D.; Charneau, P.
HIV-1 DNA Flap formation promotes uncoating of the pre-integration complex at the nuclear pore. EMBO ]. 2007, 26, 3025-3037.
[CrossRef]

Li, C.; Burdick, R.C.; Nagashima, K.; Hu, W.S.; Pathak, V.K. HIV-1 cores retain their integrity until minutes before uncoating in
the nucleus. Proc. Natl. Acad. Sci. USA 2021, 118, €2019467118. [CrossRef]


https://doi.org/10.1016/j.virol.2017.06.002
https://www.ncbi.nlm.nih.gov/pubmed/28595092
https://doi.org/10.1371/journal.ppat.1002550
https://www.ncbi.nlm.nih.gov/pubmed/22383882
https://doi.org/10.1083/jcb.200403057
https://www.ncbi.nlm.nih.gov/pubmed/15210729
https://doi.org/10.1093/emboj/19.15.4111
https://doi.org/10.1093/infdis/jir323
https://www.ncbi.nlm.nih.gov/pubmed/21987768
https://doi.org/10.1128/MCB.23.2.708-720.2003
https://www.ncbi.nlm.nih.gov/pubmed/12509468
https://doi.org/10.1073/pnas.0711222105
https://www.ncbi.nlm.nih.gov/pubmed/18337511
https://doi.org/10.1128/JVI.79.6.3254-3266.2005
https://doi.org/10.1093/nar/27.6.1457
https://www.ncbi.nlm.nih.gov/pubmed/10037806
https://doi.org/10.1016/S0168-1702(00)00238-0
https://www.ncbi.nlm.nih.gov/pubmed/11172920
https://doi.org/10.1128/JVI.02100-19
https://www.ncbi.nlm.nih.gov/pubmed/32493824
https://doi.org/10.1093/infdis/jiv240
https://www.ncbi.nlm.nih.gov/pubmed/26185094
https://doi.org/10.3390/cells9010187
https://doi.org/10.1126/science.6189183
https://www.ncbi.nlm.nih.gov/pubmed/6189183
https://doi.org/10.1038/ncb1665
https://www.ncbi.nlm.nih.gov/pubmed/18066053
https://doi.org/10.1073/pnas.222371099
https://www.ncbi.nlm.nih.gov/pubmed/12391294
https://doi.org/10.1016/0955-0674(94)90119-8
https://doi.org/10.1126/science.279.5350.519
https://www.ncbi.nlm.nih.gov/pubmed/9438838
https://doi.org/10.1007/s00018-018-2772-5
https://www.ncbi.nlm.nih.gov/pubmed/29417178
https://doi.org/10.1128/JVI.01669-15
https://doi.org/10.1074/jbc.273.21.13347
https://doi.org/10.1038/sj.emboj.7601740
https://doi.org/10.1073/pnas.2019467118

Viruses 2025, 17,151 31 of 38

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.
177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Francis, A.C.; Marin, M.; Prellberg, M.].; Palermino-Rowland, K.; Melikyan, G.B. HIV-1 Uncoating and Nuclear Import Precede
the Completion of Reverse Transcription in Cell Lines and in Primary Macrophages. Viruses 2020, 12, 1234. [CrossRef] [PubMed]
Dharan, A.; Bachmann, N.; Talley, S.; Zwikelmaier, V.; Campbell, E.M. Nuclear pore blockade reveals that HIV-1 completes
reverse transcription and uncoating in the nucleus. Nat. Microbiol. 2020, 5, 1088-1095. [CrossRef]

Zila, V.; Margiotta, E.; Turotiov4, B.; Miiller, T.G.; Zimmerli, C.E.; Mattei, S.; Allegretti, M.; Borner, K.; Rada, J.; Miiller, B.; et al.
Cone-shaped HIV-1 capsids are transported through intact nuclear pores. Cell 2021, 184, 1032-1046.e18. [CrossRef] [PubMed]
Xue, G.; Yu, H].; Buffone, C.; Huang, S.W.; Lee, K.; Goh, S.L.; Gres, A.T.; Guney, M.H.; Sarafianos, S.G.; Luban, |.; et al. The HIV-1
capsid core is an opportunistic nuclear import receptor. Nat. Commun. 2023, 14, 3782. [CrossRef]

Lim, K.; Hazawa, M.; Wong, R.W. Crafty mimicry grants nuclear pore entry to HIV. Cell Host Microbe 2024, 32, 441-442. [CrossRef]
[PubMed]

Dickson, C.E; Hertel, S.; Tuckwell, A.J.; Li, N.; Ruan, J.; Al-Izzi, S.C.; Ariotti, N.; Sierecki, E.; Gambin, Y.; Morris, R.G.; et al. The
HIV capsid mimics karyopherin engagement of FG-nucleoporins. Nature 2024, 626, 836-842. [CrossRef]

Fu, L.; Weiskopf, E.N.; Akkermans, O.; Swanson, N.A.; Cheng, S.; Schwartz, T.U.; Gorlich, D. HIV-1 capsids enter the FG phase of
nuclear pores like a transport receptor. Nature 2024, 626, 843-851. [CrossRef]

Khan, H.; Sumner, R.P; Rasaiyaah, J.; Tan, C.P; Rodriguez-Plata, M.T.; Van Tulleken, C.; Fink, D.; Zuliani-Alvarez, L.; Thorne, L.;
Stirling, D.; et al. HIV-1 Vpr antagonizes innate immune activation by targeting karyopherin-mediated NF-«B/IRF3 nuclear
transport. elife 2020, 9, e60821. [CrossRef] [PubMed]

Taniguchi, I.; Mabuchi, N.; Ohno, M. HIV-1 Rev protein specifies the viral RNA export pathway by suppressing TAP/NXF1
recruitment. Nucleic Acids Res. 2014, 42, 6645-6658. [CrossRef]

Jang, S.; Engelman, A.N. Capsid-host interactions for HIV-1 ingress. Microbiol. Mol. Biol. Rev. 2023, 87, 0004822. [CrossRef]
Miiller, T.G.; Zila, V.; Miiller, B.; Krausslich, H.G. Nuclear Capsid Uncoating and Reverse Transcription of HIV-1. Annu. Rev. Virol.
2022, 9, 261-284. [CrossRef] [PubMed]

Sarkar, S.; Balakrishnan, K.; Chintala, K.; Mohareer, K.; Luedde, T.; Vasudevan, A.A.].; Miink, C.; Banerjee, S. Tough Way In,
Tough Way Out: The Complex Interplay of Host and Viral Factors in Nucleocytoplasmic Trafficking during HIV-1 Infection.
Viruses 2022, 14, 2503. [CrossRef]

McCauley, S.M.; Kim, K.; Nowosielska, A.; Dauphin, A.; Yurkovetskiy, L.; Diehl, W.E.; Luban, J. Intron-containing RNA from the
HIV-1 provirus activates type I interferon and inflammatory cytokines. Nat. Commun. 2018, 9, 5305. [CrossRef] [PubMed]
Esparza, M.; Bhat, P.; Fontoura, B.M. Viral-host interactions during splicing and nuclear export of influenza virus mRNAs. Curr.
Opin. Virol. 2022, 55, 101254. [CrossRef] [PubMed]

Te Velthuis, A.J.W.; Grimes, ].M.; Fodor, E. Structural insights into RNA polymerases of negative-sense RNA viruses. Nat. Rev.
Microbiol. 2021, 19, 303-318. [CrossRef] [PubMed]

O’Neill, R.E.; Jaskunas, R.; Blobel, G.; Palese, P.; Moroianu, J. Nuclear import of influenza virus RNA can be mediated by viral
nucleoprotein and transport factors required for protein import. J. Biol. Chem. 1995, 270, 22701-22704. [CrossRef]

Wang, P; Palese, P.; O’Neill, R.E. The NPI-1/NPI-3 (karyopherin alpha) binding site on the influenza a virus nucleoprotein NP is
a nonconventional nuclear localization signal. J. Virol. 1997, 71, 1850-1856. [CrossRef]

Weber, E.; Kochs, G.; Gruber, S.; Haller, O. A classical bipartite nuclear localization signal on Thogoto and influenza A virus
nucleoproteins. Virology 1998, 250, 9-18. [CrossRef] [PubMed]

Cros, ].F.; Garcia-Sastre, A.; Palese, P. An unconventional NLS is critical for the nuclear import of the influenza A virus
nucleoprotein and ribonucleoprotein. Traffic 2005, 6, 205-213. [CrossRef] [PubMed]

Tarendeau, E; 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. [CrossRef] [PubMed]

Gabriel, G.; Herwig, A.; Klenk, H.D. Interaction of polymerase subunit PB2 and NP with importin alphal is a determinant of host
range of influenza A virus. PLoS Pathog. 2008, 4, el1. [CrossRef] [PubMed]

Hudjetz, B.; Gabriel, G. Human-like PB2 627K influenza virus polymerase activity is regulated by importin-«1 and -«7. PLoS
Pathog. 2012, 8, €1002488. [CrossRef]

Pumroy, R.A.; Ke, S.; Hart, D.].; Zachariae, U.; Cingolani, G. Molecular determinants for nuclear import of influenza A PB2 by
importin « isoforms 3 and 7. Structure 2015, 23, 374-384. [CrossRef] [PubMed]

Thiele, S.; Stanelle-Bertram, S.; Beck, S.; Kouassi, N.M.; Zickler, M.; Miiller, M.; Tuku, B.; Resa-Infante, P.; van Riel, D.; Alawi, M.;
et al. Cellular Importin-«3 Expression Dynamics in the Lung Regulate Antiviral Response Pathways against Influenza A Virus
Infection. Cell Rep. 2020, 31, 107549. [CrossRef]

Swale, C.; Monod, A.; Tengo, L.; Labaronne, A.; Garzoni, F.; Bourhis, ].M.; Cusack, S.; Schoehn, G.; Berger, I.; Ruigrok, R.W.; et al.
Structural characterization of recombinant IAV polymerase reveals a stable complex between viral PA-PB1 heterodimer and host
RanBP5. Sci. Rep. 2016, 6, 24727. [CrossRef] [PubMed]


https://doi.org/10.3390/v12111234
https://www.ncbi.nlm.nih.gov/pubmed/33143125
https://doi.org/10.1038/s41564-020-0735-8
https://doi.org/10.1016/j.cell.2021.01.025
https://www.ncbi.nlm.nih.gov/pubmed/33571428
https://doi.org/10.1038/s41467-023-39146-5
https://doi.org/10.1016/j.chom.2024.03.004
https://www.ncbi.nlm.nih.gov/pubmed/38604120
https://doi.org/10.1038/s41586-023-06969-7
https://doi.org/10.1038/s41586-023-06966-w
https://doi.org/10.7554/eLife.60821
https://www.ncbi.nlm.nih.gov/pubmed/33300875
https://doi.org/10.1093/nar/gku304
https://doi.org/10.1128/mmbr.00048-22
https://doi.org/10.1146/annurev-virology-020922-110929
https://www.ncbi.nlm.nih.gov/pubmed/35704745
https://doi.org/10.3390/v14112503
https://doi.org/10.1038/s41467-018-07753-2
https://www.ncbi.nlm.nih.gov/pubmed/30546110
https://doi.org/10.1016/j.coviro.2022.101254
https://www.ncbi.nlm.nih.gov/pubmed/35908311
https://doi.org/10.1038/s41579-020-00501-8
https://www.ncbi.nlm.nih.gov/pubmed/33495561
https://doi.org/10.1074/jbc.270.39.22701
https://doi.org/10.1128/jvi.71.3.1850-1856.1997
https://doi.org/10.1006/viro.1998.9329
https://www.ncbi.nlm.nih.gov/pubmed/9770415
https://doi.org/10.1111/j.1600-0854.2005.00263.x
https://www.ncbi.nlm.nih.gov/pubmed/15702989
https://doi.org/10.1038/nsmb1212
https://www.ncbi.nlm.nih.gov/pubmed/17310249
https://doi.org/10.1371/journal.ppat.0040011
https://www.ncbi.nlm.nih.gov/pubmed/18248089
https://doi.org/10.1371/journal.ppat.1002488
https://doi.org/10.1016/j.str.2014.11.015
https://www.ncbi.nlm.nih.gov/pubmed/25599645
https://doi.org/10.1016/j.celrep.2020.107549
https://doi.org/10.1038/srep24727
https://www.ncbi.nlm.nih.gov/pubmed/27095520

Viruses 2025, 17,151 32 of 38

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Swale, C.; Da Costa, B.; Sedano, L.; Garzoni, F.; McCarthy, A.A.; Berger, I.; Bieniossek, C.; Ruigrok, R W.H.; Delmas, B.; Crépin, T.
X-ray Structure of the Human Karyopherin RanBP5, an Essential Factor for Influenza Polymerase Nuclear Trafficking. J. Mol. Biol.
2020, 432, 3353-3359. [CrossRef] [PubMed]

Brunotte, L.; Flies, J.; Bolte, H.; Reuther, P,; Vreede, E.; Schwemmle, M. The nuclear export protein of H5N1 influenza A viruses
recruits Matrix 1 (M1) protein to the viral ribonucleoprotein to mediate nuclear export. J. Biol. Chem. 2014, 289, 20067-20077.
[CrossRef]

Gao, S.; Wang, S.; Cao, S.; Sun, L.; Li, J.; Bi, Y,; Gao, G.E; Liu, W. Characteristics of nucleocytoplasmic transport of HIN1 influenza
A virus nuclear export protein. J. Virol. 2014, 88, 7455-7463. [CrossRef] [PubMed]

Cao, L,; She, Z.; Zhao, Y.; Cheng, C.; Li, Y;; Xu, T.; Mao, H.; Zhang, Y.; Hui, X,; Lin, X; et al. Inhibition of RAN attenuates influenza
a virus replication and nucleoprotein nuclear export. Emerg. Microbes Infect. 2024, 13, 2387910. [CrossRef] [PubMed]

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.
[CrossRef]

Morita, M.; Kuba, K.; Ichikawa, A.; Nakayama, M.; Katahira, ].; 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. Cell 2013, 153, 112-125.
[CrossRef]

Bonazza, S.; Coutts, H.L.; Sukumar, S.; Turkington, H.L.; Courtney, D.G. Identifying cellular RNA-binding proteins during
infection uncovers a role for MKRN2 in influenza mRNA trafficking. PLoS Pathog. 2024, 20, €1012231. [CrossRef]

Kreimer, A.R.; Brennan, P.; Lang Kuhs, K.A.; Waterboer, T.; Clifford, G.; Franceschi, S.; Michel, A.; Willhauck-Fleckenstein, M.;
Riboli, E.; Castellsagué, X.; et al. Human papillomavirus antibodies and future risk of anogenital cancer: A nested case-control
study in the European prospective investigation into cancer and nutrition study. J. Clin. Oncol. 2015, 33, 877-884. [CrossRef]
[PubMed]

Cao, F; Li, Y.Z,; Zhang, D.Y,; Wang, X.Y.; Chen, W.X,; Liu, EH.; Men, Y.X.; Gao, S.; Lin, C.Q.; Zou, H.C; et al. Human
papillomavirus infection and the risk of cancer at specific sites other than anogenital tract and oropharyngeal region: An umbrella
review. eBioMedicine 2024, 104, 105155. [CrossRef]

Aydin, I.; Weber, S.; Snijder, B.; Samperio Ventayol, P.; Kithbacher, A.; Becker, M.; Day, PM.; Schiller, ].T.; Kann, M.; Pelkmans, L.;
et al. Large scale RNAi reveals the requirement of nuclear envelope breakdown for nuclear import of human papillomaviruses.
PLoS Pathog. 2014, 10, €1004162. [CrossRef] [PubMed]

Pyeon, D.; Pearce, S.M.; Lank, S.M.; Ahlquist, P.; Lambert, P.F. Establishment of human papillomavirus infection requires cell
cycle progression. PLoS Pathog. 2009, 5, e1000318. [CrossRef] [PubMed]

Tao, M.; Kruhlak, M.; Xia, S.; Androphy, E.; Zheng, Z.M. Signals that dictate nuclear localization of human papillomavirus type
16 oncoprotein E6 in living cells. J. Virol. 2003, 77, 13232-13247. [CrossRef]

Stewart, D.; Ghosh, A.; Matlashewski, G. Involvement of nuclear export in human papillomavirus type 18 E6-mediated
ubiquitination and degradation of p53. J. Virol. 2005, 79, 8773-8783. [CrossRef] [PubMed]

Knapp, A.A.; McManus, PM.; Bockstall, K.; Moroianu, J. Identification of the nuclear localization and export signals of high risk
HPV16 E7 oncoprotein. Virology 2009, 383, 60-68. [CrossRef]

Eberhard, J.; Onder, Z.; Moroianu, J. Nuclear import of high risk HPV16 E7 oncoprotein is mediated by its zinc-binding domain
via hydrophobic interactions with Nup62. Virology 2013, 446, 334-345. [CrossRef]

Onder, Z.; Moroianu, J. Nuclear import of cutaneous beta genus HPV8 E7 oncoprotein is mediated by hydrophobic interactions
between its zinc-binding domain and FG nucleoporins. Virology 2014, 449, 150-162. [CrossRef]

McKee, C.H.; Onder, Z.; Ashok, A.; Cardoso, R.; Moroianu, J. Characterization of the transport signals that mediate the
nucleocytoplasmic traffic of low risk HPV11 E7. Virology 2013, 443, 113-122. [CrossRef] [PubMed]

Egawa, N.; Wang, Q.; Griffin, H.M.; Murakami, I.; Jackson, D.; Mahmood, R.; Doorbar, J]. HPV16 and 18 genome amplification
show different E4-dependence, with 16E4 enhancing E1 nuclear accumulation and replicative efficiency via its cell cycle arrest
and kinase activation functions. PLoS Pathog. 2017, 13, e1006282. [CrossRef] [PubMed]

Yu, J.H.; Lin, B.Y.; Deng, W.; Broker, T.R.; Chow, L.T. Mitogen-activated protein kinases activate the nuclear localization sequence
of human papillomavirus type 11 E1 DNA helicase to promote efficient nuclear import. J. Virol. 2007, 81, 5066-5078. [CrossRef]
[PubMed]

Fradet-Turcotte, A.; Moody, C.; Laimins, L.A.; Archambault, J. Nuclear export of human papillomavirus type 31 E1 is regulated
by Cdk2 phosphorylation and required for viral genome maintenance. J. Virol. 2010, 84, 11747-11760. [CrossRef] [PubMed]
Blachon, S.; Bellanger, S.; Demeret, C.; Thierry, F. Nucleo-cytoplasmic shuttling of high risk human Papillomavirus E2 proteins
induces apoptosis. J. Biol. Chem. 2005, 280, 36088-36098. [CrossRef]

Nelson, L.M.; Rose, R.C.; Moroianu, ]. Nuclear import strategies of high risk HPV16 L1 major capsid protein. J. Biol. Chem. 2002,
277,23958-23964. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jmb.2020.03.021
https://www.ncbi.nlm.nih.gov/pubmed/32222384
https://doi.org/10.1074/jbc.M114.569178
https://doi.org/10.1128/JVI.00257-14
https://www.ncbi.nlm.nih.gov/pubmed/24741105
https://doi.org/10.1080/22221751.2024.2387910
https://www.ncbi.nlm.nih.gov/pubmed/39087696
https://doi.org/10.1073/pnas.0610977104
https://doi.org/10.1016/j.cell.2013.02.027
https://doi.org/10.1371/journal.ppat.1012231
https://doi.org/10.1200/JCO.2014.57.8435
https://www.ncbi.nlm.nih.gov/pubmed/25667279
https://doi.org/10.1016/j.ebiom.2024.105155
https://doi.org/10.1371/journal.ppat.1004162
https://www.ncbi.nlm.nih.gov/pubmed/24874089
https://doi.org/10.1371/journal.ppat.1000318
https://www.ncbi.nlm.nih.gov/pubmed/19247434
https://doi.org/10.1128/JVI.77.24.13232-13247.2003
https://doi.org/10.1128/JVI.79.14.8773-8783.2005
https://www.ncbi.nlm.nih.gov/pubmed/15994771
https://doi.org/10.1016/j.virol.2008.09.037
https://doi.org/10.1016/j.virol.2013.08.017
https://doi.org/10.1016/j.virol.2013.11.020
https://doi.org/10.1016/j.virol.2013.04.031
https://www.ncbi.nlm.nih.gov/pubmed/23725695
https://doi.org/10.1371/journal.ppat.1006282
https://www.ncbi.nlm.nih.gov/pubmed/28306742
https://doi.org/10.1128/JVI.02480-06
https://www.ncbi.nlm.nih.gov/pubmed/17344281
https://doi.org/10.1128/JVI.01445-10
https://www.ncbi.nlm.nih.gov/pubmed/20844047
https://doi.org/10.1074/jbc.M505138200
https://doi.org/10.1074/jbc.M200724200
https://www.ncbi.nlm.nih.gov/pubmed/11971900

Viruses 2025, 17,151 33 of 38

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Darshan, M.S.; Lucchi, J.; Harding, E.; Moroianu, J. The 12 minor capsid protein of human papillomavirus type 16 interacts with a
network of nuclear import receptors. J. Virol. 2004, 78, 12179-12188. [CrossRef] [PubMed]

Chaturvedi, VK.; Singh, A.; Dubey, S.K.; Hetta, H.F; John, J.; Singh, M.P. Molecular mechanistic insight of hepatitis B virus
mediated hepatocellular carcinoma. Microb. Pathog. 2019, 128, 184-194. [CrossRef] [PubMed]

Nassal, M. HBV cccDNA: Viral persistence reservoir and key obstacle for a cure of chronic hepatitis B. Gut 2015, 64, 1972-1984.
[CrossRef]

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. [CrossRef] [PubMed]

Rabe, B.; Vlachou, A.; Panté, 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. [CrossRef]

Guo, H.; Mao, R; Block, T.M.; Guo, ]J.T. Production and function of the cytoplasmic deproteinized relaxed circular DNA of
hepadnaviruses. J. Virol. 2010, 84, 387-396. [CrossRef] [PubMed]

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

Li, H.C.; Huang, E.Y.; Su, PY;; Wu, S.Y,; Yang, C.C.; Lin, Y.S.; Chang, W.C.; Shih, C. Nuclear export and import of human hepatitis
B virus capsid protein and particles. PLoS Pathog. 2010, 6, e1001162. [CrossRef] [PubMed]

Nair, S.; Zlotnick, A. HBV Core Protein Is in Flux between Cytoplasmic, Nuclear, and Nucleolar Compartments. mBio 2021, 12,
€03514-20. [CrossRef]

Zheng, Y.; Wang, M.; Yin, J.; Duan, Y.; Wu, C.; Xu, Z.; Bu, Y,; Wang, J.; Chen, Q.; Zhu, G.; et al. Hepatitis B virus RNAs co-opt
ELAVLI1 for stabilization and CRM1-dependent nuclear export. PLoS Pathog. 2024, 20, €1011999. [CrossRef] [PubMed]

Yang, C.C.; Chang, C.H.; Chen, H.L.; Chou, M.C.; Yang, C.J.; Jhou, R.S.; Huang, E.Y.; Li, H.C.; Suen, C.S.; Hwang, M.].; et al.
CRM1-spike-mediated nuclear export of hepatitis B virus encapsidated viral RNA. Cell Rep. 2022, 38, 110472. [CrossRef]

Chen, C.; Wang, ].C.; Pierson, E.E.; Keifer, D.Z.; Delaleau, M.; Gallucci, L.; Cazenave, C.; Kann, M.; Jarrold, M.F,; Zlotnick, A.
Importin 3 Can Bind Hepatitis B Virus Core Protein and Empty Core-Like Particles and Induce Structural Changes. PLoS Pathog.
2016, 12, €1005802. [CrossRef] [PubMed]

Mitra, B.; Wang, J.; Kim, E.S.; Mao, R.; Dong, M.; Liu, Y.; Zhang, J.; Guo, H. Hepatitis B Virus Precore Protein p22 Inhibits Alpha
Interferon Signaling by Blocking STAT Nuclear Translocation. J. Virol. 2019, 93, €00196-19. [CrossRef] [PubMed]

Dai, X.; Zhou, Z.H. Structure of the herpes simplex virus 1 capsid with associated tegument protein complexes. Science 2018, 360,
eaa07298. [CrossRef] [PubMed]

Pasdeloup, D.; Blondel, D.; Isidro, A.L.; Rixon, FJ. Herpesvirus capsid association with the nuclear pore complex and viral DNA
release involve the nucleoporin CAN/Nup214 and the capsid protein pUL25. J. Virol. 2009, 83, 6610-6623. [CrossRef]

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. [CrossRef] [PubMed]

Ojala, PM.; 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. [CrossRef]

Dohner, K.; Ramos-Nascimento, A.; Bialy, D.; Anderson, F; Hickford-Martinez, A.; Rother, F; Koithan, T.; Rudolph, K.; Buch, A,;
Prank, U.; et al. Importin «1 is required for nuclear import of herpes simplex virus proteins and capsid assembly in fibroblasts
and neurons. PLoS Pathog. 2018, 14, €1006823. [CrossRef] [PubMed]

Marsden, H.S.; Murphy, M.; McVey, G.L.; MacEachran, K.A.; Owsianka, A.M.; Stow, N.D. Role of the carboxy terminus of herpes
simplex virus type 1 DNA polymerase in its interaction with UL42. J. Gen. Virol. 1994, 75 Pt 11, 3127-3135. [CrossRef] [PubMed]
Loregian, A.; Piaia, E.; Cancellotti, E.; Papini, E.; Marsden, H.S.; Palti, G. The catalytic subunit of herpes simplex virus type 1 DNA
polymerase contains a nuclear localization signal in the UL42-binding region. Virology 2000, 273, 139-148. [CrossRef] [PubMed]
Alvisi, G.; Musiani, D.; Jans, D.A_; Ripalti, A. An importin alpha/beta-recognized bipartite nuclear localization signal mediates
targeting of the human herpes simplex virus type 1 DNA polymerase catalytic subunit pUL30 to the nucleus. Biochemistry 2007,
46, 9155-9163. [CrossRef] [PubMed]

Alvisi, G.; Avanzi, S.; Musiani, D.; Camozzi, D.; Leoni, V.; Ly-Huynbh, ].D.; Ripalti, A. Nuclear import of HSV-1 DNA polymerase
processivity factor UL42 is mediated by a C-terminally located bipartite nuclear localization signal. Biochemistry 2008, 47,
13764-13777. [CrossRef] [PubMed]

Smith, R.W.; Malik, P.; Clements, ].B. The herpes simplex virus ICP27 protein: A multifunctional post-transcriptional regulator of
gene expression. Biochem. Soc. Trans. 2005, 33, 499-501. [CrossRef]

Sandri-Goldin, R.M. The many roles of the regulatory protein ICP27 during herpes simplex virus infection. Front. Biosci. A ].
Virtual Libr. 2008, 13, 5241-5256. [CrossRef] [PubMed]

Chen, I.LH,; Li, L.; Silva, L.; Sandri-Goldin, R.M. ICP27 recruits Aly/REF but not TAP/NXF1 to herpes simplex virus type 1
transcription sites although TAP/NXF1 is required for ICP27 export. J. Virol. 2005, 79, 3949-3961. [CrossRef] [PubMed]


https://doi.org/10.1128/JVI.78.22.12179-12188.2004
https://www.ncbi.nlm.nih.gov/pubmed/15507604
https://doi.org/10.1016/j.micpath.2019.01.004
https://www.ncbi.nlm.nih.gov/pubmed/30611768
https://doi.org/10.1136/gutjnl-2015-309809
https://doi.org/10.1083/jcb.145.1.45
https://www.ncbi.nlm.nih.gov/pubmed/10189367
https://doi.org/10.1073/pnas.1730940100
https://doi.org/10.1128/JVI.01921-09
https://www.ncbi.nlm.nih.gov/pubmed/19864387
https://doi.org/10.1371/journal.ppat.1000741
https://doi.org/10.1371/journal.ppat.1001162
https://www.ncbi.nlm.nih.gov/pubmed/21060813
https://doi.org/10.1128/mBio.03514-20
https://doi.org/10.1371/journal.ppat.1011999
https://www.ncbi.nlm.nih.gov/pubmed/38306394
https://doi.org/10.1016/j.celrep.2022.110472
https://doi.org/10.1371/journal.ppat.1005802
https://www.ncbi.nlm.nih.gov/pubmed/27518410
https://doi.org/10.1128/JVI.00196-19
https://www.ncbi.nlm.nih.gov/pubmed/31019054
https://doi.org/10.1126/science.aao7298
https://www.ncbi.nlm.nih.gov/pubmed/29622628
https://doi.org/10.1128/JVI.02655-08
https://doi.org/10.1128/JVI.01209-12
https://www.ncbi.nlm.nih.gov/pubmed/22718835
https://doi.org/10.1128/MCB.20.13.4922-4931.2000
https://doi.org/10.1371/journal.ppat.1006823
https://www.ncbi.nlm.nih.gov/pubmed/29304174
https://doi.org/10.1099/0022-1317-75-11-3127
https://www.ncbi.nlm.nih.gov/pubmed/7964622
https://doi.org/10.1006/viro.2000.0390
https://www.ncbi.nlm.nih.gov/pubmed/10891416
https://doi.org/10.1021/bi7002394
https://www.ncbi.nlm.nih.gov/pubmed/17640102
https://doi.org/10.1021/bi800869y
https://www.ncbi.nlm.nih.gov/pubmed/19053255
https://doi.org/10.1042/BST0330499
https://doi.org/10.2741/3078
https://www.ncbi.nlm.nih.gov/pubmed/18508584
https://doi.org/10.1128/JVI.79.7.3949-3961.2005
https://www.ncbi.nlm.nih.gov/pubmed/15767397

Viruses 2025, 17,151 34 of 38

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

Escudero-Paunetto, L.; Li, L.; Hernandez, EP.; Sandri-Goldin, R.M. SR proteins SRp20 and 9G8 contribute to efficient export of
herpes simplex virus 1 mRNAs. Virology 2010, 401, 155-164. [CrossRef]

Koffa, M.D.; Clements, J.B.; Izaurralde, E.; Wadd, S.; Wilson, S.A.; Mattaj, L W.; Kuersten, S. Herpes simplex virus ICP27 protein
provides viral mRNAs with access to the cellular mRNA export pathway. EMBO ]. 2001, 20, 5769-5778. [CrossRef]

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. [CrossRef]

Hong, Y.; Jeong, H.; Park, K.; Lee, S.; Shim, ].Y,; Kim, H.; Song, Y.; Park, S.; Park, H.Y.; Kim, V.N.; et al. STING facilitates nuclear
import of herpesvirus genome during infection. Proc. Natl. Acad. Sci. USA 2021, 118, €2108631118. [CrossRef] [PubMed]

Lee, ].H.; Kwon, M.; Lim, W.Y,; Yoo, C.R;; Yoon, Y.; Han, D.; Ahn, ].H.; Yoon, K. YAP inhibits HCMYV replication by impairing
STING-mediated nuclear transport of the viral genome. PLoS Pathog. 2022, 18, €1011007. [CrossRef] [PubMed]

Cross, EIM.; Marin, O.; Ariawan, D.; Aragao, D.; Cozza, G.; Di Iorio, E.; Forwood, ] K.; Alvisi, G. Structural determinants of
phosphorylation-dependent nuclear transport of HCMV DNA polymerase processivity factor UL44. FEBS Lett. 2024, 598, 199-209.
[CrossRef] [PubMed]

Gill, R.B,; James, S.H.; Prichard, M.N. Human cytomegalovirus UL97 kinase alters the accumulation of CDK1. |. Gen. Virol. 2012,
93, 1743-1755. [CrossRef] [PubMed]

Webel, R.; Solbak, S.; Held, C.; Milbradt, J.; Grof3, A.; Eichler, J.; Wittenberg, T.; Jardin, C.; Sticht, H.; Fossen, T.; et al. Nuclear
import of isoforms of the cytomegalovirus kinase pUL97 is mediated by differential activity of NLS1 and NLS2 both acting
through classical importin-o binding. J. Gen. Virol. 2012, 93, 1756-1768. [CrossRef]

Perng, Y.C.; Campbell, J.A.; Lenschow, D.J.; Yu, D. Human cytomegalovirus pUL79 is an elongation factor of RNA polymerase II
for viral gene transcription. PLoS Pathog. 2014, 10, €1004350. [CrossRef] [PubMed]

Wang, L.; Li, M.; Cai, M,; Xing, ].; Wang, S.; Zheng, C. A PY-nuclear localization signal is required for nuclear accumulation of
HCMYV UL79 protein. Med. Microbiol. Immunol. 2012, 201, 381-387. [CrossRef]

Gao, Y,; Kagele, D.; Smallenberg, K.; Pari, G.S. Nucleocytoplasmic shuttling of human cytomegalovirus UL84 is essential for virus
growth. J. Virol. 2010, 84, 8484-8494. [CrossRef]

Lischka, P; Sorg, G.; Kann, M.; Winkler, M.; Stamminger, T. A nonconventional nuclear localization signal within the UL84
protein of human cytomegalovirus mediates nuclear import via the importin alpha/beta pathway. J. Virol. 2003, 77, 3734-3748.
[CrossRef]

Lischka, P; Rauh, C.; Mueller, R.; Stamminger, T. Human cytomegalovirus UL84 protein contains two nuclear export signals and
shuttles between the nucleus and the cytoplasm. J. Virol. 2006, 80, 10274-10280. [CrossRef]

Lischka, P; Rosorius, O.; Trommer, E.; Stamminger, T. A novel transferable nuclear export signal mediates CRM1-independent
nucleocytoplasmic shuttling of the human cytomegalovirus transactivator protein pUL69. EMBO J. 2001, 20, 7271-7283. [CrossRef]
[PubMed]

Rechter, S.; Scott, G.M.; Eickhoff, J.; Zielke, K.; Auerochs, S.; Miiller, R.; Stamminger, T.; Rawlinson, W.D.; Marschall, M. Cyclin-
dependent Kinases Phosphorylate the Cytomegalovirus RNA Export Protein pUL69 and Modulate Its Nuclear Localization and
Activity. J. Biol. Chem. 2009, 284, 8605-8613. [CrossRef]

Miinz, C. Latency and lytic replication in Epstein-Barr virus-associated oncogenesis. Nat. Rev. Microbiol. 2019, 17, 691-700.
[CrossRef] [PubMed]

Ito, S.; Ikeda, M.; Kato, N.; Matsumoto, A.; Ishikawa, Y.; Kumakubo, S.; Yanagi, K. Epstein-barr virus nuclear antigen-1 binds to
nuclear transporter karyopherin alphal /NPI-1 in addition to karyopherin alpha2/Rch1. Virology 2000, 266, 110-119. [CrossRef]
Chang, C.W.; Lee, C.P.;; Su, M.T,; Tsai, C.H.; Chen, M.R. BGLF4 kinase modulates the structure and transport preference of the
nuclear pore complex to facilitate nuclear import of Epstein-Barr virus lytic proteins. J. Virol. 2015, 89, 1703-1718. [CrossRef]
[PubMed]

Lee, C.P; Huang, Y.H.; Lin, S.F; Chang, Y.; Chang, Y.H.; Takada, K.; Chen, M.R. Epstein-Barr virus BGLF4 kinase induces
disassembly of the nuclear lamina to facilitate virion production. J. Virol. 2008, 82, 11913-11926. [CrossRef] [PubMed]

Sharma, M.; Kamil, J.P.; Coughlin, M.; Reim, N.I.; Coen, D.M. Human cytomegalovirus UL50 and UL53 recruit viral protein
kinase UL97, not protein kinase C, for disruption of nuclear lamina and nuclear egress in infected cells. J. Virol. 2014, 88, 249-262.
[CrossRef]

Boyle, S.M.; Ruvolo, V.; Gupta, A K.; Swaminathan, S. Association with the cellular export receptor CRM 1 mediates function and
intracellular localization of Epstein-Barr virus SM protein, a regulator of gene expression. J. Virol. 1999, 73, 6872-6881. [CrossRef]
[PubMed]

Gonnella, R.; Farina, A.; Santarelli, R.; Raffa, S.; Feederle, R.; Bei, R.; Granato, M.; Modesti, A.; Frati, L.; Delecluse, H.].; et al.
Characterization and intracellular localization of the Epstein-Barr virus protein BFLF2: Interactions with BFRF1 and with the
nuclear lamina. . Virol. 2005, 79, 3713-3727. [CrossRef]


https://doi.org/10.1016/j.virol.2010.02.023
https://doi.org/10.1093/emboj/20.20.5769
https://doi.org/10.1074/jbc.M111.331777
https://doi.org/10.1073/pnas.2108631118
https://www.ncbi.nlm.nih.gov/pubmed/34385328
https://doi.org/10.1371/journal.ppat.1011007
https://www.ncbi.nlm.nih.gov/pubmed/36455047
https://doi.org/10.1002/1873-3468.14797
https://www.ncbi.nlm.nih.gov/pubmed/38158756
https://doi.org/10.1099/vir.0.039214-0
https://www.ncbi.nlm.nih.gov/pubmed/22552942
https://doi.org/10.1099/vir.0.040592-0
https://doi.org/10.1371/journal.ppat.1004350
https://www.ncbi.nlm.nih.gov/pubmed/25166009
https://doi.org/10.1007/s00430-012-0243-4
https://doi.org/10.1128/JVI.00738-10
https://doi.org/10.1128/JVI.77.6.3734-3748.2003
https://doi.org/10.1128/JVI.00995-06
https://doi.org/10.1093/emboj/20.24.7271
https://www.ncbi.nlm.nih.gov/pubmed/11743003
https://doi.org/10.1074/jbc.M805693200
https://doi.org/10.1038/s41579-019-0249-7
https://www.ncbi.nlm.nih.gov/pubmed/31477887
https://doi.org/10.1006/viro.1999.0054
https://doi.org/10.1128/JVI.02880-14
https://www.ncbi.nlm.nih.gov/pubmed/25410863
https://doi.org/10.1128/JVI.01100-08
https://www.ncbi.nlm.nih.gov/pubmed/18815303
https://doi.org/10.1128/JVI.02358-13
https://doi.org/10.1128/JVI.73.8.6872-6881.1999
https://www.ncbi.nlm.nih.gov/pubmed/10400785
https://doi.org/10.1128/JVI.79.6.3713-3727.2005

Viruses 2025, 17,151 35 of 38

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Schmeiser, C.; Borst, E.; Sticht, H.; Marschall, M.; Milbradt, J. The cytomegalovirus egress proteins pUL50 and pUL53 are
translocated to the nuclear envelope through two distinct modes of nuclear import. J. Gen. Virol. 2013, 94, 2056-2069. [CrossRef]
[PubMed]

Li, M.; Chen, T,; Zou, X.; Xu, Z.; Wang, Y.; Wang, P; Ou, X,; Li, Y.; Chen, D.; Peng, T.; et al. Characterization of the Nucleocytoplas-
mic Transport Mechanisms of Epstein-Barr Virus BFLF2. Cell Physiol. Biochem. Int. J. Exp. Cell Physiol. Biochem. Pharmacol. 2018,
51, 1500-1517. [CrossRef] [PubMed]

Funk, C.; Raschbichler, V.; Lieber, D.; Wetschky, J.; Arnold, E.K.; Leimser, J.; Biggel, M.; Friedel, C.C.; Ruzsics, Z.; Bailer, S.M.
Comprehensive analysis of nuclear export of herpes simplex virus type 1 tegument proteins and their Epstein-Barr virus orthologs.
Traffic 2019, 20, 152-167. [CrossRef] [PubMed]

Higgs, E.S.; Gayedyu-Dennis, D.; Fischer Ii, W.A.; Nason, M.; Reilly, C.; Beavogui, A.H.; Aboulhab, J.; Nordwall, J.; Lobbo, P;
Wachekwa, I.; et al. PREVAIL IV: A Randomized, Double-Blind, 2-Phase, Phase 2 Trial of Remdesivir vs Placebo for Reduction of
Ebola Virus RNA in the Semen of Male Survivors. Clin. Infect. Dis. 2021, 73, 1849-1856. [CrossRef] [PubMed]

Choopanya, K.; Martin, M.; Suntharasamai, P.; Sangkum, U.; Mock, P.A.; Leethochawalit, M.; Chiamwongpaet, S.; Kitisin, P;
Natrujirote, P,; Kittimunkong, S.; et al. Antiretroviral prophylaxis for HIV infection in injecting drug users in Bangkok, Thailand
(the Bangkok Tenofovir Study): A randomised, double-blind, placebo-controlled phase 3 trial. Lancet 2013, 381, 2083-2090.
[CrossRef]

Abdool Karim, S.S.; Abdool Karim, Q.; Kharsany, A.B.; Baxter, C.; Grobler, A.C.; Werner, L.; Kashuba, A.; Mansoor, L.E,;
Samsunder, N.; Mindel, A.; et al. Tenofovir Gel for the Prevention of Herpes Simplex Virus Type 2 Infection. N. Engl. ]. Med. 2015,
373, 530-539. [CrossRef] [PubMed]

Kosugi, S.; Hasebe, M.; Entani, T.; Takayama, S.; Tomita, M.; Yanagawa, H. Design of peptide inhibitors for the importin
alpha/beta nuclear import pathway by activity-based profiling. Chem. Biol. 2008, 15, 940-949. [CrossRef]

Lin, Y.Z.; Yao, S.Y.; Veach, R.A.; Torgerson, T.R.; Hawiger, J. Inhibition of nuclear translocation of transcription factor NF-kappa B
by a synthetic peptide containing a cell membrane-permeable motif and nuclear localization sequence. J. Biol. Chem. 1995, 270,
14255-14258. [CrossRef] [PubMed]

Zienkiewicz, J.; Armitage, A.; Hawiger, J. Targeting nuclear import shuttles, importins/karyopherins alpha by a peptide
mimicking the NFkB1/p50 nuclear localization sequence. J. Am. Heart Assoc. 2013, 2, e000386. [CrossRef] [PubMed]

Tay, M.Y,; Fraser, ].E.; Chan, W.K_; Moreland, N.J.; Rathore, A.P.; Wang, C.; Vasudevan, S.G.; Jans, D.A. Nuclear localization of
dengue virus (DENV) 1-4 non-structural protein 5; protection against all 4 DENV serotypes by the inhibitor Ivermectin. Antivir.
Res. 2013, 99, 301-306. [CrossRef] [PubMed]

Wagstaff, K.M.; Sivakumaran, H.; Heaton, S.M.; Harrich, D.; Jans, D.A. Ivermectin is a specific inhibitor of importin &/ 3-mediated
nuclear import able to inhibit replication of HIV-1 and dengue virus. Biochem. |. 2012, 443, 851-856. [CrossRef] [PubMed]

Yang, S.N.Y.; Atkinson, S.C.; Fraser, ].E.; Wang, C.; Maher, B.; Roman, N.; Forwood, ].K.; Wagstaff, K.M.; Borg, N.A.; Jans, D.A.
Novel Flavivirus Antiviral That Targets the Host Nuclear Transport Importin /31 Heterodimer. Cells 2019, 8, 281. [CrossRef]
[PubMed]

Yang, S.N.Y.; Atkinson, 5.C.; Wang, C.; Lee, A.; Bogoyevitch, M.A.; Borg, N.A_; Jans, D.A. The broad spectrum antiviral ivermectin
targets the host nuclear transport importin «/ 1 heterodimer. Antivir. Res. 2020, 177, 104760. [CrossRef]

Soderholm, J.F; Bird, S.L.; Kalab, P.; Sampathkumar, Y.; Hasegawa, K.; Uehara-Bingen, M.; Weis, K.; Heald, R. Importazole, a
small molecule inhibitor of the transport receptor importin-f3. ACS Chem. Biol. 2011, 6, 700-708. [CrossRef] [PubMed]

van der Watt, PJ.; Chi, A.; Stelma, T.; Stowell, C.; Strydom, E.; Carden, S.; Angus, L.; Hadley, K.; Lang, D.; Wei, W.; et al. Targeting
the Nuclear Import Receptor Kpnf31 as an Anticancer Therapeutic. Mol. Cancer Ther. 2016, 15, 560-573. [CrossRef]
Hintersteiner, M.; Ambrus, G.; Bednenko, J.; Schmied, M.; Knox, A.J.; Meisner, N.C.; Gstach, H.; Seifert, ].M.; Singer, E.L.; Gerace,
L.; et al. Identification of a small molecule inhibitor of importin 3 mediated nuclear import by confocal on-bead screening of
tagged one-bead one-compound libraries. ACS Chem. Biol. 2010, 5, 967-979. [CrossRef] [PubMed]

Cansizoglu, A.E; Lee, B.J.; Zhang, Z.C.; Fontoura, B.M.; Chook, Y.M. Structure-based design of a pathway-specific nuclear import
inhibitor. Nat. Struct. Mol. Biol. 2007, 14, 452-454. [CrossRef]

Cai, M,; Ou, X,; Li, Y;; Zou, X.; Xu, Z.; Wang, Y.; Peng, H.; Deng, Y.; Guo, Y.; Lu, M,; et al. Molecular anatomy of the subcellular
localization and nuclear import mechanism of herpes simplex virus 1 UL6. Aging 2020, 12, 5751-5763. [CrossRef]

Nishi, K.; Yoshida, M.; Fujiwara, D.; Nishikawa, M.; Horinouchi, S.; Beppu, T. Leptomycin B targets a regulatory cascade of crm1,
a fission yeast nuclear protein, involved in control of higher order chromosome structure and gene expression. J. Biol. Chem. 1994,
269, 6320-6324. [CrossRef] [PubMed]

Kudo, N.; Matsumori, N.; Taoka, H.; Fujiwara, D.; Schreiner, E.P.; Wolff, B.; Yoshida, M.; Horinouchi, S. Leptomycin B inactivates
CRM1/exportin 1 by covalent modification at a cysteine residue in the central conserved region. Proc. Natl. Acad. Sci. USA 1999,
96,9112-9117. [CrossRef] [PubMed]

Zhang, K.; Wang, M.; Tamayo, A.T.; Shacham, S.; Kauffman, M.; Lee, J.; Zhang, L.; Ou, Z; Li, C.; Sun, L.; et al. Novel selective
inhibitors of nuclear export CRM1 antagonists for therapy in mantle cell lymphoma. Exp. Hematol. 2013, 41, 67-78.e64. [CrossRef]


https://doi.org/10.1099/vir.0.052571-0
https://www.ncbi.nlm.nih.gov/pubmed/23740483
https://doi.org/10.1159/000495641
https://www.ncbi.nlm.nih.gov/pubmed/30497081
https://doi.org/10.1111/tra.12627
https://www.ncbi.nlm.nih.gov/pubmed/30548142
https://doi.org/10.1093/cid/ciab215
https://www.ncbi.nlm.nih.gov/pubmed/33709142
https://doi.org/10.1016/S0140-6736(13)61127-7
https://doi.org/10.1056/NEJMoa1410649
https://www.ncbi.nlm.nih.gov/pubmed/26244306
https://doi.org/10.1016/j.chembiol.2008.07.019
https://doi.org/10.1074/jbc.270.24.14255
https://www.ncbi.nlm.nih.gov/pubmed/7782278
https://doi.org/10.1161/JAHA.113.000386
https://www.ncbi.nlm.nih.gov/pubmed/24042087
https://doi.org/10.1016/j.antiviral.2013.06.002
https://www.ncbi.nlm.nih.gov/pubmed/23769930
https://doi.org/10.1042/BJ20120150
https://www.ncbi.nlm.nih.gov/pubmed/22417684
https://doi.org/10.3390/cells8030281
https://www.ncbi.nlm.nih.gov/pubmed/30909636
https://doi.org/10.1016/j.antiviral.2020.104760
https://doi.org/10.1021/cb2000296
https://www.ncbi.nlm.nih.gov/pubmed/21469738
https://doi.org/10.1158/1535-7163.MCT-15-0052
https://doi.org/10.1021/cb100094k
https://www.ncbi.nlm.nih.gov/pubmed/20677820
https://doi.org/10.1038/nsmb1229
https://doi.org/10.18632/aging.102965
https://doi.org/10.1016/S0021-9258(17)37374-X
https://www.ncbi.nlm.nih.gov/pubmed/8119981
https://doi.org/10.1073/pnas.96.16.9112
https://www.ncbi.nlm.nih.gov/pubmed/10430904
https://doi.org/10.1016/j.exphem.2012.09.002

Viruses 2025, 17,151 36 of 38

282.

283.

284.
285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

Ranganathan, P; Yu, X; Na, C.; Santhanam, R.; Shacham, S.; Kauffman, M.; Walker, A.; Klisovic, R.; Blum, W.; Caligiuri, M.; et al.
Preclinical activity of a novel CRM1 inhibitor in acute myeloid leukemia. Blood 2012, 120, 1765-1773. [CrossRef] [PubMed]

Sun, Q.; Carrasco, Y.P; Hu, Y.; Guo, X.; Mirzaei, H.; Macmillan, J.; Chook, Y.M. Nuclear export inhibition through covalent
conjugation and hydrolysis of Leptomycin B by CRM1. Proc. Natl. Acad. Sci. USA 2013, 110, 1303-1308. [CrossRef]

Newlands, E.S.; Rustin, G.J.; Brampton, M.H. Phase I trial of elactocin. Br. J. Cancer 1996, 74, 648-649. [CrossRef] [PubMed]
Sun, Q.; Chen, X.; Zhou, Q.; Burstein, E.; Yang, S.; Jia, D. Inhibiting cancer cell hallmark features through nuclear export inhibition.
Signal Transduct. Target. Ther. 2016, 1, 16010. [CrossRef] [PubMed]

Wang, C.; Yang, S.N.Y.; Smith, K.; Forwood, ] K.; Jans, D.A. Nuclear import inhibitor N-(4-hydroxyphenyl) retinamide targets Zika
virus (ZIKV) nonstructural protein 5 to inhibit ZIKV infection. Biochem. Biophys. Res. Commun. 2017, 493, 1555-1559. [CrossRef]
Pitts, ].D.; Li, P.C.; de Wispelaere, M.; Yang, P.L. Antiviral activity of N-(4-hydroxyphenyl) retinamide (4-HPR) against Zika virus.
Antivir. Res. 2017, 147, 124-130. [CrossRef] [PubMed]

Fraser, ].E.; Watanabe, S.; Wang, C.; Chan, W.K.; Maher, B.; Lopez-Denman, A.; Hick, C.; Wagstaff, K.M.; Mackenzie, ]. M.; Sexton,
PM.,; et al. A nuclear transport inhibitor that modulates the unfolded protein response and provides in vivo protection against
lethal dengue virus infection. J. Infect. Dis. 2014, 210, 1780-1791. [CrossRef]

Meyer, C.; Garzia, A.; Miller, M.W.; Huggins, D.J.; Myers, RW.; Hoffmann, H.H.; Ashbrook, A.W.; Jannath, S.Y.; Liverton, N;
Kargman, S.; et al. Small-molecule inhibition of SARS-CoV-2 NSP14 RNA cap methyltransferase. Nature 2024, 1-8. [CrossRef]
[PubMed]

Zmudzinski, M.; Rut, W.; Olech, K.; Granda, ].; Giurg, M.; Burda-Grabowska, M.; Kaleta, R.; Zgarbova, M.; Kasprzyk, R.; Zhang,
L.; et al. Ebselen derivatives inhibit SARS-CoV-2 replication by inhibition of its essential proteins: PL(pro) and M(pro) proteases,
and nsp14 guanine N7-methyltransferase. Sci. Rep. 2023, 13, 9161. [CrossRef]

Link, J.O.; Rhee, M.S.; Tse, W.C.; Zheng, ].; Somoza, ].R.; Rowe, W.; Begley, R.; Chiu, A.; Mulato, A.; Hansen, D.; et al. Clinical
targeting of HIV capsid protein with a long-acting small molecule. Nature 2020, 584, 614-618. [CrossRef]

Deshpande, A.; Bryer, A.J.; Andino-Moncada, J.R.; Shi, J.; Hong, J.; Torres, C.; Harel, S.; Francis, A.C.; Perilla, ].R.; Aiken, C.; et al.
Elasticity of the HIV-1 core facilitates nuclear entry and infection. PLoS Pathog. 2024, 20, e1012537. [CrossRef] [PubMed]

Aoki, M.; Aoki-Ogata, H.; Bulut, H.; Hayashi, H.; Takamune, N.; Kishimoto, N.; Tanaka, H.; Higashi-Kuwata, N.; Hattori, S.I.; Das,
D.; et al. GRL-142 binds to and impairs HIV-1 integrase nuclear localization signal and potently suppresses highly INSTI-resistant
HIV-1 variants. Sci. Adv. 2023, 9, eadg2955. [CrossRef] [PubMed]

Mohl, G.; Liddle, N.; Nygaard, J.; Dorius, A.; Lyons, N.; Hodek, ].; Weber, J.; Michaelis, D.J.; Busath, D.D. Novel influenza
inhibitors designed to target PB1 interactions with host importin RanBP5. Antivir. Res. 2019, 164, 81-90. [CrossRef] [PubMed]
Zhang, M,; Lian, X; Gao, Y; Jiang, L.; Li, Z.; Zhang, H.; Su, Y.; Peng, Q.; Chen, X. LDC000067, a CDK9 inhibitor, unveils promising
results in suppressing influenza virus infections in vitro and in vivo. Antimicrob. Agents Chemother. 2024. online ahead of print.
[CrossRef] [PubMed]

Liu, X,; Yang, C.; Lin, X,; Sun, X.; Chen, H.; Zhang, Q.; Jin, M. Phosphorylation of S-S-S Motif in Nuclear Export Protein (NEP)
Plays a Critical Role in Viral Ribonucleoprotein (VRNP) Nuclear Export of Influenza A and B Viruses. Adv. Sci. 2024, 12, 2309477 .
[CrossRef]

Li, Z,; Duan, Y,; Yu, Y;; Su, Y,; Zhang, M.; Gao, Y.; Jiang, L.; Zhang, H.; Lian, X.; Zhu, X,; et al. Sodium Polyoxotungstate Inhibits
the Replication of Influenza Virus by Blocking the Nuclear Import of vRNP. Microorganisms 2024, 12, 1017. [CrossRef] [PubMed]
Wagqas, FH.; Shehata, M.; Elgaher, W.A.M.; Lacour, A.; Kurmasheva, N.; Begnini, F; Kiib, A.E.; Dahlmann, J.; Chen, C.; Pavlou, A ;
et al. NRF2 activators inhibit influenza A virus replication by interfering with nucleo-cytoplasmic export of viral RNPs in an
NRE2-independent manner. PLoS Pathog. 2023, 19, e1011506. [CrossRef] [PubMed]

Rib6-Molina, P.; Weiss, H.J.; Susma, B.; van Nieuwkoop, S.; Persoons, L.; Zheng, Y.; Ruzek, M.; Daelemans, D.; Fouchier, R. A.M,;
O'Neill, L.A.J.; et al. 4-Octyl itaconate reduces influenza A replication by targeting the nuclear export protein CRM1. J. Virol. 2023,
97, €0132523. [CrossRef] [PubMed]

Liu, C; Zhang, Y.; Li, P; Jia, H.; Ju, H.; Zhang, ].; Ferreira da Silva-Junior, E.; Samanta, S.; Kar, P.; Huang, B.; et al. Development of
chalcone-like derivatives and their biological and mechanistic investigations as novel influenza nuclear export inhibitors. Eur. J.
Med. Chem. 2023, 261, 115845. [CrossRef] [PubMed]

Li, P; Ju, H,; Zhang, Y.; Achi, ].G.; Kang, D.; Zou, J.; Du, R.; Cui, Q.; Liu, X;; Rong, L.; et al. Discovery of ligustrazine and
chalcone derivatives as novel viral nucleoprotein nuclear export inhibitors against influenza viruses. J. Med. Virol. 2023, 95,
€28968. [CrossRef] [PubMed]

Yang, X.; Long, F; Jia, W.; Zhang, M.; Su, G.; Liao, M.; Zeng, Z.; Chen, W.; Chen, J. Artesunate inhibits PDE4 leading to intracellular
cAMP accumulation, reduced ERK/MAPK signaling, and blockade of influenza A virus vRNP nuclear export. Antivir. Res. 2023,
215, 105635. [CrossRef] [PubMed]

Tanaka, K.; Kasahara, Y.; Miyamoto, Y.; Okuda, T.; Kasai, T.; Onodera, K.; Kuwahara, M.; Oka, M.; Yoneda, Y.; Obika, S.
Development of oligonucleotide-based antagonists of Ebola virus protein 24 inhibiting its interaction with karyopherin alpha 1.
Org. Biomol. Chem. 2018, 16, 4456-4463. [CrossRef]


https://doi.org/10.1182/blood-2012-04-423160
https://www.ncbi.nlm.nih.gov/pubmed/22677130
https://doi.org/10.1073/pnas.1217203110
https://doi.org/10.1038/bjc.1996.415
https://www.ncbi.nlm.nih.gov/pubmed/8761384
https://doi.org/10.1038/sigtrans.2016.10
https://www.ncbi.nlm.nih.gov/pubmed/29263896
https://doi.org/10.1016/j.bbrc.2017.10.016
https://doi.org/10.1016/j.antiviral.2017.10.014
https://www.ncbi.nlm.nih.gov/pubmed/29051080
https://doi.org/10.1093/infdis/jiu319
https://doi.org/10.1038/s41586-024-08320-0
https://www.ncbi.nlm.nih.gov/pubmed/39663451
https://doi.org/10.1038/s41598-023-35907-w
https://doi.org/10.1038/s41586-020-2443-1
https://doi.org/10.1371/journal.ppat.1012537
https://www.ncbi.nlm.nih.gov/pubmed/39259747
https://doi.org/10.1126/sciadv.adg2955
https://www.ncbi.nlm.nih.gov/pubmed/37436982
https://doi.org/10.1016/j.antiviral.2019.02.003
https://www.ncbi.nlm.nih.gov/pubmed/30742842
https://doi.org/10.1128/aac.01172-24
https://www.ncbi.nlm.nih.gov/pubmed/39565117
https://doi.org/10.1002/advs.202309477
https://doi.org/10.3390/microorganisms12051017
https://www.ncbi.nlm.nih.gov/pubmed/38792846
https://doi.org/10.1371/journal.ppat.1011506
https://www.ncbi.nlm.nih.gov/pubmed/37459366
https://doi.org/10.1128/jvi.01325-23
https://www.ncbi.nlm.nih.gov/pubmed/37823646
https://doi.org/10.1016/j.ejmech.2023.115845
https://www.ncbi.nlm.nih.gov/pubmed/37804770
https://doi.org/10.1002/jmv.28968
https://www.ncbi.nlm.nih.gov/pubmed/37489704
https://doi.org/10.1016/j.antiviral.2023.105635
https://www.ncbi.nlm.nih.gov/pubmed/37192683
https://doi.org/10.1039/C8OB00706C

Viruses 2025, 17,151 37 of 38

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

Song, X.; Lu, L.Y,; Passioura, T.; Suga, H. Macrocyclic peptide inhibitors for the protein-protein interaction of Zaire Ebola virus
protein 24 and karyopherin alpha 5. Org. Biomol. Chem. 2017, 15, 5155-5160. [CrossRef]

Gonzalez-Sanchez, J.L.; Martinez-Chequer, J.C.; Hernandez-Celaya, M.E.; Barahona-Bustillos, E.; Andrade-Manzano, A.F.
Randomized placebo-controlled evaluation of intramuscular interferon beta treatment of recurrent human papillomavirus. Obstet.
Gynecol. 2001, 97, 621-624. [CrossRef] [PubMed]

Terenzi, F; Saikia, P; Sen, G.C. Interferon-inducible protein, P56, inhibits HPV DNA replication by binding to the viral protein E1.
EMBO J. 2008, 27, 3311-3321. [CrossRef] [PubMed]

Berke, ].M.; Dehertogh, P.; Vergauwen, K.; Van Damme, E.; Mostmans, W.; Vandyck, K.; Pauwels, F. Capsid Assembly Modulators
Have a Dual Mechanism of Action in Primary Human Hepatocytes Infected with Hepatitis B Virus. Antimicrob. Agents Chemother.
2017, 61, e00560-17. [CrossRef]

Guo, F,; Zhao, Q.; Sheraz, M.; Cheng, J.; Qi, Y,; Su, Q.; Cuconati, A.; Wei, L.; Du, Y.; Li, W,; et al. HBV core protein allosteric
modulators differentially alter cccDNA biosynthesis from de novo infection and intracellular amplification pathways. PLoS
Pathog. 2017, 13, €1006658. [CrossRef]

Ligat, G.; Goto, K.; Verrier, E.; Baumert, T.F. Targeting Viral cccDNA for Cure of Chronic Hepatitis B. Curr. Hepatol. Rep. 2020, 19,
235-244. [CrossRef]

Reis, G,; Silva, E.; Silva, D.C.M.; Thabane, L.; Milagres, A.C.; Ferreira, T.S.; Dos Santos, C.V.Q.; Campos, V.H.S.; Nogueira, AM.R,;
de Almeida, A.; et al. Effect of Early Treatment with Ivermectin among Patients with COVID-19. N. Engl. |. Med. 2022, 386,
1721-1731. [CrossRef]

Naggie, S.; Boulware, D.R.; Lindsell, C.J.; Stewart, T.G.; Gentile, N.; Collins, S.; McCarthy, M.W.; Jayaweera, D.; Castro, M.;
Sulkowski, M.; et al. Effect of Ivermectin vs. Placebo on Time to Sustained Recovery in Outpatients with Mild to Moderate
COVID-19: A Randomized Clinical Trial. JAMA 2022, 328, 1595-1603. [CrossRef] [PubMed]

Bramante, C.T.; Buse, ].B.; Liebovitz, D.M.; Nicklas, ].M.; Puskarich, M.A.; Cohen, K.; Belani, H.K.; Anderson, B.].; Huling,
J.D.; Tignanelli, C.J.; et al. Outpatient treatment of COVID-19 and incidence of post-COVID-19 condition over 10 months
(COVID-OUT): A multicentre, randomised, quadruple-blind, parallel-group, phase 3 trial. Lancet Infect. Dis. 2023, 23, 1119-1129.
[CrossRef] [PubMed]

Bramante, C.T.; Beckman, K.B.; Mehta, T.; Karger, A.B.; Odde, D.J.; Tignanelli, C.J.; Buse, ].B.; Johnson, D.M.; Watson, R H.B.;
Daniel, J.J.; et al. Favorable Antiviral Effect of Metformin on SARS-CoV-2 Viral Load in a Randomized, Placebo-Controlled
Clinical Trial of COVID-19. Clin. Infect. Dis. 2024, 79, 354-363. [CrossRef] [PubMed]

Suputtamongkol, Y.; Avirutnan, P.; Mairiang, D.; Angkasekwinai, N.; Niwattayakul, K.; Yamasmith, E.; Saleh-Arong, FA;
Songjaeng, A.; Prommool, T.; Tangthawornchaikul, N.; et al. Ivermectin Accelerates Circulating Nonstructural Protein 1 (NS1)
Clearance in Adult Dengue Patients: A Combined Phase 2/3 Randomized Double-blinded Placebo Controlled Trial. Clin. Infect.
Dis. 2021, 72, e586—593. [CrossRef]

Ogbuagu, O.; Segal-Maurer, S.; Ratanasuwan, W.; Avihingsanon, A.; Brinson, C.; Workowski, K.; Antinori, A.; Yazdanpanah, Y.;
Trottier, B.; Wang, H.; et al. Efficacy and safety of the novel capsid inhibitor lenacapavir to treat multidrug-resistant HIV: Week 52
results of a phase 2/3 trial. Lancet HIV 2023, 10, e497-e505. [CrossRef]

Segal-Maurer, S.; DeJesus, E.; Stellbrink, H.J.; Castagna, A.; Richmond, G.J.; Sinclair, G.L; Siripassorn, K.; Ruane, PJ.; Berhe, M.;
Wang, H.; et al. Capsid Inhibition with Lenacapavir in Multidrug-Resistant HIV-1 Infection. N. Engl. J. Med. 2022, 386, 1793-1803.
[CrossRef] [PubMed]

Yang, Y.; Meng, Y.L.; Duan, S.M.; Zhan, S.B.; Guan, R.L.; Yue, T.E; Kong, L.H.; Zhou, L.; Deng, L.H.; Huang, C.; et al. REBACIN®
as a noninvasive clinical intervention for high-risk human papillomavirus persistent infection. Int. J. Cancer 2019, 145, 2712-2719.
[CrossRef] [PubMed]

Yang, Y.; Hu, T.; Ming, X; Yang, E.; Min, W.; Li, Z. REBACIN® is an optional intervention for persistent high-risk human
papillomavirus infection: A retrospective analysis of 364 patients. Int. J. Gynaecol. Obstet. 2021, 152, 82-87. [CrossRef]

Yuen, M.E; Gane, EJ.; Kim, D.J.; Weilert, F; Yuen Chan, H.L.; Lalezari, J.; Hwang, S.G.; Nguyen, T.; Flores, O.; Hartman, G;
et al. Antiviral Activity, Safety, and Pharmacokinetics of Capsid Assembly Modulator NVR 3-778 in Patients with Chronic HBV
Infection. Gastroenterology 2019, 156, 1392-1403.e1397. [CrossRef] [PubMed]

Zhang, H.; Wang, F.; Zhu, X.; Chen, Y,; Chen, H.; Li, X,; Wu, M,; Li, C,; Liu, J.; Zhang, Y.; et al. Antiviral Activity and
Pharmacokinetics of the Hepatitis B Virus (HBV) Capsid Assembly Modulator GLS4 in Patients with Chronic HBV Infection. Clin.
Infect. Dis. 2020, 73, 175-182. [CrossRef] [PubMed]

Hazawa, M.; Ikliptikawati, D.K.; Iwashima, Y.; Lin, D.C.; Jiang, Y.; Qiu, Y.; Makiyama, K.; Matsumoto, K.; Kobayashi, A.; Nishide,
G.; et al. Super-enhancer trapping by the nuclear pore via intrinsically disordered regions of proteins in squamous cell carcinoma
cells. Cell Chem. Biol. 2024, 31, 792-804.e797. [CrossRef] [PubMed]

Rheinberger, M.; Costa, A.L.; Kampmann, M.; Glavas, D.; Shytaj, L.L.; Sreeram, S.; Penzo, C.; Tibroni, N.; Garcia-Mesa, Y.; Leskov,
K.; et al. Genomic profiling of HIV-1 integration in microglia cells links viral integration to the topologically associated domains.
Cell Rep. 2023, 42, 112110. [CrossRef]


https://doi.org/10.1039/C7OB00012J
https://doi.org/10.1016/s0029-7844(00)01201-1
https://www.ncbi.nlm.nih.gov/pubmed/11275039
https://doi.org/10.1038/emboj.2008.241
https://www.ncbi.nlm.nih.gov/pubmed/19008854
https://doi.org/10.1128/AAC.00560-17
https://doi.org/10.1371/journal.ppat.1006658
https://doi.org/10.1007/s11901-020-00534-w
https://doi.org/10.1056/NEJMoa2115869
https://doi.org/10.1001/jama.2022.18590
https://www.ncbi.nlm.nih.gov/pubmed/36269852
https://doi.org/10.1016/S1473-3099(23)00299-2
https://www.ncbi.nlm.nih.gov/pubmed/37302406
https://doi.org/10.1093/cid/ciae159
https://www.ncbi.nlm.nih.gov/pubmed/38690892
https://doi.org/10.1093/cid/ciaa1332
https://doi.org/10.1016/S2352-3018(23)00113-3
https://doi.org/10.1056/NEJMoa2115542
https://www.ncbi.nlm.nih.gov/pubmed/35544387
https://doi.org/10.1002/ijc.32344
https://www.ncbi.nlm.nih.gov/pubmed/30989655
https://doi.org/10.1002/ijgo.13385
https://doi.org/10.1053/j.gastro.2018.12.023
https://www.ncbi.nlm.nih.gov/pubmed/30625297
https://doi.org/10.1093/cid/ciaa961
https://www.ncbi.nlm.nih.gov/pubmed/32649736
https://doi.org/10.1016/j.chembiol.2023.10.005
https://www.ncbi.nlm.nih.gov/pubmed/37924814
https://doi.org/10.1016/j.celrep.2023.112110

Viruses 2025, 17,151 38 of 38

323.

324.

325.

326.

Mima, M.; Okabe, A.; Hoshii, T.; Nakagawa, T.; Kurokawa, T.; Kondo, S.; Mizokami, H.; Fukuyo, M.; Fujiki, R.; Rahmutulla, B.;
et al. Tumorigenic activation around HPV integrated sites in head and neck squamous cell carcinoma. Int. J. Cancer 2023, 152,
1847-1862. [CrossRef] [PubMed]

Matsumoto, K.; Ikliptikawati, D.K.; Makiyama, K.; Mochizuki, K.; Tobita, M.; Kobayashi, I.; Voon, D.C.; Lim, K.; Ogawa, K,;
Kashiwakura, I; et al. Phase-separated super-enhancers confer an innate radioresistance on genomic DNA. J. Radiat. Res. 2024, 65,
482-490. [CrossRef]

Risso-Ballester, J.; Galloux, M.; Cao, J.; Le Goffic, R.; Hontonnou, E; Jobart-Malfait, A.; Desquesnes, A.; Sake, S.M.; Haid, S.; Du,
M,; et al. A condensate-hardening drug blocks RSV replication in vivo. Nature 2021, 595, 596-599. [CrossRef]

Ren, F; Hu, J.; Dang, Y.; Deng, H.; Ren, J.; Cheng, S.; Tan, M.; Zhang, H.; He, X.; Yu, H,; et al. Sphondin efficiently blocks HBsAg
production and cccDNA transcription through promoting HBx degradation. J. Med. Virol. 2023, 95, €28578. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/ijc.34439
https://www.ncbi.nlm.nih.gov/pubmed/36650703
https://doi.org/10.1093/jrr/rrae044
https://doi.org/10.1038/s41586-021-03703-z
https://doi.org/10.1002/jmv.28578
https://www.ncbi.nlm.nih.gov/pubmed/36846971

	Introduction 
	The ABCs of NPCs 
	Hijacking Mechanisms of Host Nuclear Transport Machinery by Viruses 
	Viruses That Replicate in the Cytoplasm 
	-Coronaviruses (SARS-CoV-2, SARS-CoV-1, and MERS-CoV) 
	MonkeyPox (Mpox) 
	Chikungunya Virus (CHIKV) 
	Dengue Virus (DENV) and Zika Virus (ZIKV) 
	Ebola Virus (Zaire Ebolavirus) 

	Viruses That Replicate in the Nucleus 
	Human Immunodeficiency Virus (HIV) 
	Influenza A Virus (IAV) 
	Human Papillomavirus (HPV) 
	Hepatitis B Virus (HBV) 
	Herpes Simplex Virus Type-1, Human Cytomegalovirus, and Epstein–Barr Virus 


	Targeting Host Nuclear Transport Machinery: Potential Antiviral Strategies 
	Targeting Host Nuclear Import Pathways: Specific Inhibitor Strategies 
	Host-Specific Nuclear Export Inhibitors 
	Inhibitors of Viral-Specific Nuclear Transport 
	Advancing Nuclear Transport Inhibitors for Antiviral Therapeutics 

	Conclusions 
	References

